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CORRIGENDUM 


Connective tissue growth stimulated by carrageenin 
2. The metabolism of sulphated polysaccharides 
By H. G. B. Stack 
Volume 65 (1957) 

p- 461, Table 1, line 1 of legend 


for sulphate/100 g. read sulphate/kg. 


p. 461, Table 2, line 1 of legend 


for hexosamine/100 g. read hexosamine/kg. 


























Vol. 66 


The discovery of the antitubercular action of iso- 
nicotinic acid hydrazide and of p-aminosalicylic 
acid has aroused interest in the biological properties 
of the hydrazides and hydroxamic acids derived 
from salicylic acid, and both salicylohydrazide and 
salicylohydroxamic acid have been shown to possess 
antitubercular activity (Ma & Tien, 1953; Urbanski, 
1950, 1953; Urbanski, Hornung, Slopek & Venulet, 
1952). However, little is known concerning the 
metabolic transformations of foreign hydrazides 
and hydroxamic acids, although the enzymic 
synthesis of hydroxamic acids has been established 
(see Waelsch, 1952). 

Only one aromatic hydrazide appears to have 
been extensively investigated, namely, isonicotinic 
acid hydrazide. In man and the rhesus monkey, 
this compound is mainly acetylated to 1-acetyl-2- 
isonicotinylhydrazine (Hughes, 1953). In the dog, 
however, the main metabolite is isonicotinic acid 
and there appears to be no acetylation (Rubin & 
Burke, 1953). Hydrazones of naturally occurring 
aldehydes and ketones, such as pyridoxal and 
pyruvic acid, may also be formed in small amounts 
(Williams & Abdulian, 1956; Defranceschi & 
Zamboni, 1954). The simplest aromatic hydrazide, 
benzohydrazide (C,H;*-CO*-NH:NH.,), is a_ re- 
latively substance to rabbits (Yard & 
McKennis, 1955), and other work in this Laboratory 
(El Masry, Smith & Williams, unpublished results) 
has shown that nearly 60% of a dose of about 
80 mg./kg. is excreted as hippuric acid, only small 
amounts of 1-acetyl-2-benzoylhydrazine being 
formed. The likely reactions of aromatic hydrazides 
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in vivo are therefore hydrolysis to the corresponding 
carboxylic acid, acetylation and hydrazone forma- 
tion. Concerning aromatic hydroxamic acids there 
is little information. Benzohydroxamic acid 
(CsH;*CO*NH*OH) is rapidly hydrolysed to 
benzoic acid and hydroxylamine by sheep-liver 
extracts and yeast autolysates (Virtanen & Berg, 
1951), and in rabbits 70% of doses of 90-100 mg./ 
kg. are excreted as hippuric acid (El Masry, Smith & 
Williams, unpublished results). Lowenthal (1954) 
has briefly reported that both in the intact rat and 
in rat-liver extracts salicylohydroxamic acid is 
* Part 69: El Masry, Smith & Williams (1956). 
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converted into salicylamide. The probable meta- 
bolic reactions of aromatic hydroxamic acids are 
thus hydrolysis to the corresponding carboxylic 
acids and conversion into the corresponding amides. 


MATERIALS AND METHODS 


Compounds. Salicylohydrazide, m.p. 145-147°, 1-acetyl- 
2-salicyloylhydrazine, m.p. 180—182°, salicylohydroxamic 
acid, m.p. 176-178°, salicyluric acid (o-hydroxyhippuric 
acid), m.p. 166—168°, 5-bromosalicylamide, m.p. 241-243", 
and 5-bromosalicylic acid, m.p. 164—165°, were prepared by 
standard methods. 5-Bromosalicylohydroxamic acid, m.p. 
232°, was prepared according to Urbanski et al. (1952), and 
salicylamide glucuronide, m.p. 174° (decomp.), according to 
Bray, Ryman & Thorpe (1948). 

Animals. Rabbits, kept on a constant diet, were used for 
quantitative studies. Experiments in humans, rats and 
mice were qualitative only. Compounds were administered 
in water by stomach tube, unless otherwise stated. 

Analytical methods. Glucuronic acid and ethereal sul- 
phate in urine were determined by the methods of Paul 
(1951) and Sperber (1948) respectively. 5-Bromosalicyl!- 
amide was determined fluorimetrically as follows. 5- 
Bromosalicylamide fluoresces under ultraviolet light in 
alkaline solutions. Its glucuronide does not fluoresce under 
these conditions. For the estimation an H553 Spekker 
fluorimeter with 20 ml. curvettes was used, the secondary 
filters being of Chance O.B. 1 blue glass. The standard curve 
was prepared with an aqueous solution of 5-bromosalicyl- 
amide (0-5 mg./ml.). Known volumes of this solution were 
diluted to 25 ml. with 0-1 M-glycine buffer, pH 10. The fluor- 
escence of these solutions was measured against a quinine 
bisulphate standard containing 4yg./ml. in 0-1N-H,SQ,. 
On plotting the drum readings of the fluorimeter against the 
concentration of the amide on logarithmic paper, a straight 
line was obtained for concentrations of 0-5-3-5 mg./25 ml. 
of the solution. Above this level fluorescence quenching 
became significant. All solutions subsequently estimated 
were diluted with buffer so that they contained 20-140 pg. 
of the amide/mi. Recoveries from aqueous solution were 
100-104%, and from urine 95-101% when appropriately 
diluted. 

The determination of the amide in 5-bromosalicylamide 
glucuronide (see below for its preparation) was carried out 
after hydrolysis. A solution (5 ml.) of the glucuronide 
(1 mg./ml.) was heated on the water bath for 3 hr. with 
2-5 ml. of 10N-HCl. The solution was cooled, neutralized 
with 40% (w/v) NaOH, made up to 50 ml. with glycine 
buffer, pH. 10, and the fluorescence measured. The recovery 
of the amide was 90-97 %. 
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The determination of free and conjugated 5-bromosalicyl- 
amide in the urine of rabbits receiving 5-bromosalicylo- 
hydroxamic acid was carried out as follows. The 24 hr. 
urine was diluted to 200 ml. with water. A sample was then 
appropriately diluted with glycine buffer and the free amide 
determined fluorimetrically. For the 
total amide the urine was hydrolysed as above with half its 
volume of 10N-HCIl, neutralized with 40% NaOH, appro- 
priately diluted with glycine buffer and the fluorescence 
measured. 

Chromatographic methods. For the detection of meta- 
bolites in urine and urine extracts, descending chromato- 
graphy with Whatman no. 1 or no. 4 paper was used. The 
solvents, Ry values and colour reactions used are given in 
Table 1. 


RESULTS 


Quantitative results are given in Table 2. With 
benzohydrazide and benzohydroxamic acid the 
main metabolite is hippuric acid, and the small 
glucuronic acid conjugation is probably due to 
benzoylglucuronide. Salicylohydrazide and _ sali- 
cylohydroxamic acid and their derivatives are 
excreted conjugated mainly with glucuronic acid, 
and these glucuronides have been isolated (see 
below). The significant difference between the 
hydrazides and the hydroxamic acid is in the sul- 
phate conjugation. The hydroxamic acids form 
appreciable amounts of ethereal sulphates, whereas 
neither salicylohydrazide nor its acetyl derivative 
is exereted as sulphate to any significant extent. 
Little if any salicylohydroxamic acid is reduced 
to salicylamide in the rabbit. 5-Bromosalicylo- 
hydroxamic acid, however, is mainly converted 
into 5-bromosalicylamide. In two experiments, in 
each of which 350 mg. of this acid was fed, 60 and 
71 % of the dose of hydroxamic acid was excreted as 
the conjugated amide. A small amount of con- 
jugated 5-bromosalicylohydroxamic acid is also 
excreted, since the glucuronide of this acid was 
isolated. The amount of conjugated hydroxamic acid 
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can be roughly assessed as 10—20 % of the dose, from 
the difference between total conjugation (about 80% ; 
see Table 2) and the conjugated amide excreted. 


Isolation and detection of metabolites 

From salicylohydrazide. The hydrazide (1 g.) was 
fed to each of four rabbits. The urine (24 hr. sample) 
reduced Benedict’s reagent (owing to the presence 
of the hydrazide group), gave an intense naphtha- 
resorcinol reaction and a faint purplish colour with 
aqueous ferric chloride. Paper chromatography of 
the urine with propanol-ammonia as _ solvent 
(solvent A, Table 1) revealed the presence of appreci- 
able amounts of salicyluric acid (R, 0-45) and small 
amounts of salicylic and gentisic acids (R, 0-86 and 
0-66 respectively). The urine was worked up by 
systematic lead acetate precipitation (cf. Kamil, 
Smith & Williams, 1951), and the glucuronide was 
obtained from the basic lead acetate precipitate in 
the usual manner. The crude glucuronide weighed 
1-4g. and, on repeated recrystallization from 
ethanol, 0-aminocarbamoylphenyl B-p-glucosiduronic 
acid (0-6 g.) was obtained as fine white needles of the 
monohydrate, m.p. 204-205° and [a«]}’—65° in 
water (c, 1) [Found: C, 44-8; H, 5-2; N, 7-9; H,O, 5-1 
(loss at 110°). C,,;H,,O,N,,H,O requires C, 45-1; 
H, 5:2; N, 8-1; H,O, 5:2%]. The glucuronide 
reduced Benedict’s reagent by virtue of its hydr- 
azide group, but, unlike salicylohydrazide, was not 
fluorescent in ultraviolet light and quenched the 
background fluorescence of filter paper (Whatman). 
On incubation at 37° in acetate buffer (pH 4-5) with 
B-glucuronidase (from locust-crop liquor ; Robinson, 
Smith & Williams, 1953) it yielded salicylohydr- 
azide, which was detected chromatographically on 
paper by its fluorescence in ultraviolet light, its 
colour with ferric chloride and its R, value (0-63) 
with solvent A (Table 1). All chromatographic 
identifications were checked with a second solvent 
system (see Table 1). 


Table 2. Quantitative aspects of the conjugation of salicylohydrazide and salicylohydroxamic acid in rabbits 


Results are quoted as the average for three animals, with range in parenthes 
of experiments if other than three. Salicyluric acid was detected by paper chromatography ; 


— its absence. 


Glucuronic 


; the superior figure indicates the number 
indicates its presence and 





Conjugation (% of dose) with 
ae A —— Total amide 


Ethereal 


Dose* formation 

Compound (mg./kg.) acid sulphate Glycine (% of dose) 
Salicylic acid 138 18 (17-18) 0 t : 
Acetylsalicylic acid 180 11 (6-14) 0 : 
Benzohydrazide 84 5 (3, 6)* 0 57 (51-64)+ 
Salicylohydrazide 152 55 (50-60) 1 (0-5-2) 12 (7-17) 
N}-Acetyl-N?-salicyloylhydrazine 97 70 (67-77) 0 - . 
Benzohydroxamic acid 100 11 (7-14) 0 71 (70, 72)+ None 
Salicylohydroxamic acid 15: 49 (43-54) 19 (14—24) - Trace 
5-Bromosalicylohydroxamic acid 116 59 (54-63) 20 (19-21) - 78} (71, 85)? 


* 


These doses are approximately 0-5 or 1 m-mole/kg. and were given by mouth. 


{ These figures are for hippuric and salicyluric acids and were determined by A. M. El Masry in another investigation. 
+ : s 
t 


Free amide 12 (11, 14)?. 


24-2 
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From N'-acetyl-N?-salicyloylhydrazine. The aceto- 
hydrazide (1 g.) was fed to two rabbits and urine 
collected for 24 hr. The urine gave a strong naptha- 
resorcinol reaction, slightly reduced Benedict’s 
reagent but gave no colour with ferric chloride. 
Paper chromatography of the urine revealed no 
appreciable amounts of acetylsalicyloylhydrazine, 
salicylohydrazide or salicylic acid, and the major, if 
not the only, metabolite appeared to be a gluc- 
uronide. The glucuronide (1-4 g.) was isolated as 
above and was recrystallized from ethanol. The 
o-acetamidocarbamoylphenyl B-p-glucosiduronic acid 
formed white needles, m.p. 208-210° and [«]?? — 63° 
in water (c, 1) (Found: C, 48-3; H, 4:8; N, 7-8. 
C,;H,,0,N,. requires C, 48-65; H, 4:9; N, 7-6%). 
Hydrolysis with f-glucuronidase, as described 
above, yielded N1-acetylsalicyloylhydrazine which 
was detected by colour reactions and its R, value 
(9-72) insolvent A (see Table 1). Acid hydrolysis also 
yielded the acetohydrazide, identified chromato- 
graphically. 

From salicylohydroxamic acid. The hydroxamic 
acid (1-5 g.) was fed to each of five rabbits and their 
urine was collected for 24 hr. The urine reduced 
senedict’s reagent, gave a strong naphtharesorcinol 
reaction and a reddish colour with ferric chloride. 
Paper chromatography of the urine revealed two 
spots, reacting with ferric chloride, of R, 0-48 and 
0-21 in solvent A. An eluate of the spot of R, 0-48 
gave astrong naphtharesorcinol reaction, suggesting 
that it was a glucuronide containing a free hydr- 
oxamic acid residue, since it also gave a colour with 
ferric chloride. The other spot contained no gluc- 
uronic acid and was probably an ethereal sulphate. 
No spot corresponding to salicylamide, which 
fluoresces in ultraviolet light, or to salicylamide 
glucuronide, was found. 

The glucuronic acid fraction of the urine was 
prepared by the lead acetate procedure, and ob- 
tained as a gum. This was dissolved in a little water, 
and acetone (500 ml.) added. A small precipitate of 
inorganic material was formed and removed. The 
acetone left a reddish gum (7 g.) on evaporation, 
which contained both glucuronide and ethereal 
sulphate. This gum was dissolved in 10 ml. of water 
and 5 ml. of 2N-HCl added, and the solution was 
heated at 80° for 20 min. to hydrolyse ethereal 
sulphate which might interfere with the crystalliza- 
tion of the glucuronide. The resulting solution was 
then evaporated, in vacuo at 40°, to a gum, 5 g. of 
which was dissolved in water (20 ml.) and heated 
with p-toluidine (3 g.) in ethanol (5 ml.). On cooling, 
a brown crystalline precipitate separated which was 
repeatedly recrystallized from 90% (v/v) aqueous 
ethanol. This yielded the p-tolwidine salt of o- 
hydroxycarbamoylphenyl B-p-glucosiduronic acid 
(1-7 g.) as colourless plates of the trihydrate, 
sintering at 100-110° and having [«]??—56° in 
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water (c, 1) [Found: C, 49-05; H, 6-15; N, 6-0; 
H,O, 10-9 (loss at 100° in vacuo); p-toluidine, 20-5, 
C,3;H,;0,N,C;,H,N,3H,O requires C, 49-0; H, 6-2; 
N, 5:7; H,O, 11-0; p-toluidine, 21-5%]. This salt 
gave a naphtharesorcinol reaction, a cherry-red 
colour with ferric chloride, and positive diazo tests 
for p-toluidine, and reduced Benedict’s reagent by 
virtue of its hydroxylamino group. On acid 
hydrolysis (2N-HCl for 5 min.), it yielded a ecrystal- 
line precipitate of salicylic acid, m.p. and mixed 
m.p. 155-157° after recrystallization. Paper chro- 
matography of the hydrolysate disclosed the 
presence of salicylohydroxamic acid (R, 0-65 in 
solvent A) and salicylic acid (R, 0-84). Enzymic 
hydrolysis with locust-crop liquor glucuronidase 
gave only salicylohydroxamic acid, detected by 
paper chromatography in solvent A (R, 0-65). The 
salicylohydroxamiec acid spot gave a cherry-red 
colour with ferric chloride and quenched the back- 
ground fluorescence of the paper under ultraviolet 
light. The unchanged toluidine salt had R, 0-09 in 
solvent A and was also detected in the enzymic 
hydrolysate by its fluorescence quenching and ferric 
chloride reaction. This glucuronide is different from 
o-carbamoylphenyl glucosiduronic acid (salicyl- 
amide glucuronide), which has FR, 0-40 in the above 
solvent and does not give a colour with ferric 
chloride. 

From 5-bromosalicylohydroxamic acid. A total of 
7-5 g. of 5-bromosalicylohydroxamic acid was fed to 
five rabbits and the urine collected for 24 hr. The 
glucuronide fraction was isolated by the lead acetate 
procedure. On concentration of the aqueous filtrate 
obtained after the removal of lead by hydrogen 
sulphide to about 30-50 ml., and cooling to 0°, 
glucuronide A (1 g.) separated. Further concentra- 
tion and cooling yielded a second glucuronide, B, in 
smaller yields (0-1—0-2 g.). 

Glucuronide A was purified by recrystallization 
from 50% (w/v) aqueous ethanol and formed 
colourless prisms, m.p. 213—214° (decomp.) and 
[«]?? — 75° in 0-1 N-NaOH (c, 1), which were sparingly 
soluble in water (Found: C, 39-6; H, 3-7; N, 3-7; Br, 
20-2. C,,;H,,O,NBr requires C, 39-8; H, 3-6; N, 3-6; 
Br, 20-4%). It was identical with 4-bromo-2- 
carbamoylphenyl B-p-glucosiduronic acid (mixed 
m.p. 213-214°) prepared by feeding rabbits with 
5-bromosalicylamide (see below). On acid (2N-HCl) 
hydrolysis it yielded 5-bromosalicylamide, m.p. and 
mixed m.p. 241°. Enzymic hydrolysis (locust-crop 
liquor f-glucuronidase) also yielded this amide, 
which was detected chromatographically on paper 
by its fluorescence in ultraviolet light and R, values 
(0-68 in solvent A and 0-83 in solvent B). 

The triacetyl derivative of the methyl ester was 
prepared, and methyl (4-bromo-2-carbamoylphenyl 
tri-O-acetyl-B-p-glucosid)uronate formed fine white 
needles, m.p. 205-207° with [«]??—60° in CHCl, 
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(c, 1) (Found: C, 45-35; H, 4-0; N, 2-8; Br, 14-8. 
Co9H.0,,N Br requires C, 45-1; H, 4:2; N, 2-65; Br, 
15-0 %). 

Glucuronide B formed needles from 50 % aqueous 
ethanol, with m.p. 191—192° and [«]}/—71° in 
0:-1n-NaOH (c, 1), and was characterized as 4- 
bromo-2-hydroxycarbamoylphenyl B-p-glucosiduronic 
acid (Found: C, 36-2; H, 3-6; N, 3-2; H,O, 4-2. 
C,3H,,0,N Br,H,O requires C, 36-6; H, 3-8; N, 3-3; 
H,O, 4:2%). On acid (2N-HCl) hydrolysis it 
yielded 5-bromosalicylohydroxamie acid. With 
5Nn-HCl some 5-bromosalicylic acid was also formed. 
Both acids were detected chromatographically, 5- 
bromosalicylohydroxamic acid (R, 0-56 in solvent 
A) by its quenching of background fluorescence and 
its brown colour with ferric chloride and 5-bromo- 
salicylic acid (R, 0-82) by its dark-blue fluorescence 
and purple colour with ferric chloride. Enzymic 
hydrolysis gave only 5-bromosalicylohydroxamic 
acid, also identified chromatographically. 

From 5-bromosalicylamide. The amide (1 g.) was 
fed to each of four rabbits and urine was collected 
for 24hr. Paper chromatography showed the 
presence of two main metabolites, one a glucuronide 
(R, 0-65 in solvent A), which was non-fluorescent, 
and the other 5-bromosalicylamide (R, 0-82 in the 
same solvent), which was fluorescent. The gluc- 
uronide (0-5 g.) was isolated in the usual manner 
and the 4-bromo-2-carbamoylphenyl glucosiduronic 
acid, m.p. 214-215° (decomp.) and [«],—74° in 
0-1N-NaOH (c, 1) was identical with the glucuronide 
A from 5-bromosalicylohydroxamie acid (Found: 
C, 39-7; H, 3-1; N, 3-4; Br, 20-3. C,,H,,O,NBr 
requires C, 39-8; H, 3-6; N, 3-6; Br, 20-4%). Acid 
and enzymic hydrolysis yielded 5-bromosalicyl- 
amide (m.p. and mixed m.p. 241—243° in material 
from acid hydrolysis), which was also identified 
chromatographically. 


Species differences in the metabolism of 
salicylohydroxamic acid 


Our results indicate that, in the rabbit, there is 
a significant difference between the metabolism of 
salicylohydroxamic acid and that of its 5-bromo 
derivative, since the former formed little or no 
amide, whereas the latter formed considerable 
amounts of the amide. Lowenthal (1954), however, 
found that salicylohydroxamic acid was converted 
into the amide in rats. We have therefore compared 
the metabolism of the hydroxamic acid and its 
bromo derivative in man, rat, mouse and rabbit. 
Since the fluorescent salicylamide is readily dis- 
tinguished from the non-fluorescent  salicylo- 
hydroxamice acid, examination of the urines of the 
above animals after administration of these com- 
pounds could be conveniently carried out by paper 
chromatography. 

In experiments on man, an oral dose of 250 mg. of 
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salicylohydroxamic acid or of 300 mg. of 5-bromo- 
salicylohydroxamic acid was taken at night and 
the morning urine collected for chromatography. 
During this time these drugs had been largely 
eliminated. Rats and rabbits were given doses 
(100 mg./kg.) of both compounds by stomach tube, 
whereas mice were given doses (100 mg./kg.) of the 
sodium salts in aqueous solution by intraperitoneal 
injection. Urines from these animals were collected 
for 24 hr. 

The urines (0-05 ml.) were chromatographed on 
Whatman no. 1 paper with solvent systems A and B 
(see Table 1), and examined for the hydroxamic 
acid, the corresponding amide and carboxylic acid. 
The urines were also hydrolysed by boiling with 
10N-HCl (1 ml. of urine with 0-5 ml. of HCl) for 
5 min. and the hydrolysate was similarly chromato- 
graphed. This hydrolysis liberated metabolites 
from their conjugates and partly converted hydr- 
oxamic acids into the corresponding carboxylic 
acids, but did not affect the amides. The authentic 
compounds in known quantities were run at the 
same time in the same tank, so that a comparison 
could be made. 

Chromatography of the unhydrolysed urines after 
administration of salicylohydroxamic acid showed 
that none of the animals excreted the free hydr- 
oxamic acid or salicylic acid. Rat and mouse urine, 
but not human and rabbit, however, showed traces 
of free salicylamide. Chromatography of the 
hydrolysed urines showed small amounts of the 
hydroxamic acid and large amounts of salicylic acid. 
In rat, mouse and human urines appreciable 
amounts of salicylamide were detected, the largest 
amounts occurring in rat urine. In rabbit urine, only 
traces of salicylamide were detectable. The rabbit 
thus differed from the other species. 

With 5-bromosalicylohydroxamie acid, none of 
the hydroxamice acid or 5-bromosalicylic acid could 
be detected in any of the unhydrolysed urines. Free 
5-bromosalicylamide was detected in rat and rabbit 
urine, traces in mouse urine and none in human 
urine (in the last-named this might be due to lower 
dosage). In the hydrolysed urines small amounts of 
hydroxamiec acid and 5-bromosalicylic acid were 
detected, whereas 5-bromosalicylamide was found 
in large amounts in all the urines. Thus conjugated 
5-bromosalicylamide appeared to be the main 
metabolite of the hydroxamie acid in all four 
species. 

DISCUSSION 
During the course of these experiments we ob- 
served that oral doses of 600mg. of salicylo- 
hydrazide/kg. produced convulsions in 50% of the 
rabbits (20) used, whereas 800 mg. of N}-acetyl- 
N?-salicyloylhydrazine/kg. (the highest dose ad- 
ministered) was well tolerated. Benzohydrazide, 
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however, was frequently fatal in oral doses of 
100 mg./kg. The toxicities of these compounds in 
rabbits are therefore in the descending order, 
benzohydrazide, salicylohydrazide, acetylsalicyl- 
oylhydrazine. These three compounds also differ in 
the extent to which they lost their hydrazino groups 
in vivo. More than 60% of benzohydrazide is con- 
verted into benzoic acid and the over-all reaction 
for its metabolism is probably 


C,H,*CO-NH+NH, -> C,H,*CO,H + H,N-NH,. 


alternative 
metabolic reaction to hydrolysis, namely, gluc- 
uronic acid conjugation. This occurs to a large 
extent, accounting for 50-60% of the dose. The 
hydrazino group, however, is lost to some extent 
since appreciable amounts of salicyluric 
(amounting to 7-17 % as estimated by a variation of 
the method for hippuric acid by El Masry et al. 1956) 
are excreted. There appears to be only one meta- 
bolite of acetylsalicyloylhydrazine, i.e. the gluc- 
uronide, and there is no evidence that the hydrazino 


With salicylohydrazide there is an 


acid 


group is removed. The reactions of the salicyl 
derivatives are probably those shown in Fig. 1. 

These results suggest that the toxicities of these 
compounds are related to whether or not they 
release hydrazine in vivo. However, if 20% of a 
dose of 600mg. of salicylohydrazide/kg. were 
hydrolysed in vivo, as much hydrazine would be set 
free as on complete hydrolysis of a dose of 100 mg. of 
benzohydrazide/kg. If hydrazine is the toxic agent, 
then, presumably, it is released very much more 
rapidly from benzohydrazide than from salicylo- 
hydrazide. Benzohydrazide, however, appears to 
possess some toxicity per se (Yard & McKennis, 
1955). Other work in this Laboratory has shown that 
p-chloro- and p-methyl-benzohydrazides are nearly 
as toxic as benzohydrazide and are completely 
hydrolysed to the corresponding benzoic acids in the 
rabbit, whereas p-hydroxybenzohydrazide is very 
much less toxie and is metabolized by direct con- 
jugation of the hydroxyl group. 


It is interesting to note (see Table 2) that none of 


the salicylic acid hydrazides form ethereal sul- 
phates and are thus like salicylic acid itself. This is 
in contrast with the hydroxamic acids, which form 
ethereal sulphates and thus behave like salicylamide 
(Bray et al. 1948). 

The hydroxamic acids studied in this work 
appeared to be less toxic than the hydrazides, 
although hydroxylamine appears to be more toxic 
than hydrazine (for hydrazine the intravenous LD,, 
is 34 mg./kg. and the cutaneous LD,, is 91 mg./kg., 
whereas for hydroxylamine the subcutaneous lethal 
dose (LD) is 25 mg./kg., for rabbits; see Spector, 
1956). Benzohydroxamic acid was tolerated in 
much higher doses than benzohydrazide despite the 
fact that it is mainly converted into hippuric acid in 
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the body and loses its hydroxylamino group. The 
formation of the corresponding amides from sali- 
cylohydroxamic acid and its 5-bromo derivative 
suggests that benzohydroxamic acid is not hydro- 
lysed to benzoic acid and hydroxylamine but is first 
reduced to benzamide, which is known to be 
hydrolysed almost entirely to benzoic acid in the 
rabbit (Bray, Neale & Thorpe, 1946): 


C,H,*CO-NH-OH - C,H,*CO+NH, > C,H;*CO,H. 


This suggestion could explain the lower toxicity of 
benzohydroxamic acid compared with 
hydrazide. 

Both salicylohydroxamie acid and its 5-bromo 
derivative are metabolized mainly by direct con- 
jugation with glucuronic and sulphuric acids. In 
addition to this, they are also reduced to amides in 
man, the rat and the mouse. In the rabbit, there is 
the remarkable difference between salicylohydr- 
oxamic acid and its 5-bromo derivative, in that the 
former is not reduced toanamide to any great extent 
whereas the latter is. This is difficult to explain, but 
has been checked by repeated experimentation. The 
fate of these hydroxamic acids in the four species 
studied can be represented in Fig. 2. (X=H in 
salicylohydroxamic acid and Br in the 5-bromo 
derivative; R=C,H,O, or SO,H; in the rabbit, 
when X = H, there is no amide formation.) 

Since the above-mentioned salicylohydroxamic 
acids are partly reduced to amides in man, the 
question arises whether this reduction is related to 
their tuberculostatic properties. 5-Bromosalicyl- 
amide was tested simultaneously with the corre- 
sponding hydroxamic acid against Mycobacterium 
tuberculosis H37 Rv in Dubos medium. The amide 
was found to inhibit growth of the organism in con- 
centrations of 125-250 yg./ml., whereas the hydr- 
oxamic acid inhibited at 62-5 wg./ml. (ef. Urbanski, 
1953). Conversion into the amide thus leads to a 
reduction, but not an abolition, of activity in vitro. 
In actual practice antitubercular activity must be 
partly due to the amide. 


benzo- 
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SUMMARY 


1. A study has been made of the fate of salicylo- 
hydrazide and its N-acetyl derivative, and of 
salicylohydroxamic acid and its 5-bromo derivative, 
in the rabbit. The last two compounds have also 
been studied in man, rat and mouse. 

2. Salicylohydrazide is metabolized mainly by 
conjugation with glucuronic acid (55% of dose), 
and partly by hydrolysis to salicylic acid, which is 
excreted largely as salicyluric acid. 

3. N1!-Acetyl-N?-salicyloylhydrazine is not de- 
acetylated and is excreted mainly as its glucuronide 
(70% of the dose). These hydrazides do not form 
ethereal sulphates. Their glucuronides have been 
isolated. 

4. Salicylohydroxamic acid is metabolized by 
direct conjugation with glucuronic and sulphuric 
acids in the rabbit, and there is practically no con- 
version into salicylamide. The glucuronide was 
isolated. In man, mouse and the rat, it forms con- 
siderable amounts of salicylamide, which is excreted 
conjugated. 

5. 5-Bromosalicylohydroxamic acid is excreted 
by man, mouse, rabbit and rat mainly as conjugates 
of 5-bromosalicylamide, and to a lesser extent as the 
glucuronide of 5-bromosalicylohydroxamic acid. 
The glucuronides of the amide and the hydroxamic 
acid were isolated from rabbit urine. 

6. The in vitro tuberculostatic activity of 5- 
bromosalicylamide is about half that of 5-bromo- 
salicylohydroxamic acid, its precursor in vivo. 

7. The toxicity of aroyl hydrazides and hydr- 
oxamic acids in relation to their metabolism has 
been discussed. 
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Many different substances have been found to be 
capable of extracting rhodopsin from the dark- 
adapted frog retina. Kiihne (1877) used a crude 
preparation of bile salts, and Tansley (1931) intro- 
duced the now widely used extracting agent digi- 
tonin, a steroid saponin found in foxglove leaves. 
Other workers have used sodium cholate (Sugita, 
1926), sodium oleate, panaxtoxin and sodium 
salicylate (Hosoya, 1932). 


With few exceptions, all substances capable of 
extracting rhodopsin dissolve in water yielding 
foaming solutions with a low air-solution inter- 
facial tension. That is to say, they are surface- 
active agents. 

The extraction of rhodopsin by cationic surface- 
active agents has not been previously described. 
Lythgoe (1938), using the cationic hexadecy]l- 
pyridinium bromide, ,failed to extract rhodopsin 





from the frog retina, an observation which led him 
to suggest that cationic surface-active agents might 
be inactive. 

The present work describes the extraction of 
frog rhodopsin by a series of cationic surface-active 
agents. These form an homologous series of alky]- 
ammonium chlorides and two quaternary salts. The 
quantitative aspect of the extraction process is 
examined by allowing solutions of each extracting 
agent to equilibrate with an excess of rhodopsin 
present in the retinae of dark-adapted frogs. 

As a result of this work, it has been possible to 
suggest a mechanism for the extraction process. 


METHODS 


Preparation of extracting agents 

Kree amines were obtained from L. Light and Co. Ltd. In 
order to prepare the chlorides, amylamine, octylamine, 
decylamine, dodecylamine and _ tetradecylamine were 
dissolved in light petroleum (b.p. 40-60°). Dry HCl gas was 
then passed through the solution, and the precipitated 
amine salt was filtered off, washed and recrystallized from 
acetone (for amylammonium chloride), chloroform and 
diethyl ether (for octylammonium chloride), ethanol and 
diethyl! ether (for decylammonium chloride) or water (for 
tetradecylammonium chloride). _Hexadecylammonium 
chloride and dodecamethylene-1:12-diammonium dichloride 
were prepared by dissolving the corresponding amines in 
warm ethanol, then adding an excess of cone. HCl. The bulk 
of the ethanol and water was removed by adding successive 
small quantities of benzene, and distilling off the ternary 
benzene-ethanol—water mixture. 

Hexadecyltrimethylammonium chloride, hexadecylpyri- 
dinium chloride and digitonin were obtained from L. Light 
and Co. Ltd. 

Extraction technique 


The frogs were dark-adapted fer about 16 hr., then in the 
illumination of a dim red Kodak safelight they were killed 
by decapitation. The retinae were then removed according 
to the method of Lythgoe (1937) and washed three times 
with Mcllvaine’s buffer, pH 4-6. 

When the final washing fluid had been removed, the 
retinae were gently pressed dry between strips of Whatman 
nu. | filter paper. A volume (1 ml.) of extracting agent of 
given concentration, buffered to pH 4-6, was added to the 
washed dried retinae. The mixture was stirred thoroughly 
and allowed to stand for 0-5 hr. It was then centrifuged for 
0-5 hr. at 4000 rev./min., and the supernatant extract 
(usually containing some rhodopsin) pipetted off and re- 
tained. This process was repeated at least three times, the 
number of retinae being initially selected to ensure that 
their rhodopsin content was not exhausted. With dilute 
solutions of extracting agent it was occasionally necessary to 
repeat the extraction process five or six times in order to 
extract rhodopsin from the retinae. 


Measurement of rhodopsin concentration 


Each extract prepared as described was again centrifuged 
for 20 min. at 4000 rev./min., then treated with sufficient 
sodium borate to adjust the pH to about 7. The optical 
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densities at 490, 500 and 510 my were then measured in a 
spectrophotometer similar to that described by Dartnall 
(1952). All optical-density measurements were for a 
0-5 em. light path, versus a corresponding ‘ blank’ of unused 
extracting-agent solution, at 20+-0-5°. Measurements of 
optical density were repeated at least three times in such a 
way that 10 min. intervals separated each determination at 
a given wavelength. This procedure provided a check of the 
thermal stability of the extracts. The solutions were then 
bleached by exposure to a 6v 24 w lamp at a distance of 2 ft. 
for a period of 10 min. Optical-density readings were taken 
at 490, 500 and 510 my as before. The solutions were then 
bleached for a further 10 min., and readings again taken at 
the three wavelengths. The 500 my density readings for the 
unbleached solution were averaged, as were those for the 
bleached solution. Subtraction of the bleached solution E59, 
from the unbleached solution E59) gave the AE 55) or, since 
the A,,ax, of rhodopsin is 500+ 2 mp, the AZ,,,,, - 

If the solution bleached to colourless photoproducts, the 
AE,,,x. Would be equal to the £,,,, of the unbleached 
rhodopsin. In actual fact, rhodopsin bleaches to yield 
indicator yellow. At pH 7, this substance has an absorption 
at 500 my, which is about 15 % of that of the parent pigment 
at that wavelength (Lythgoe, 1937). Therefore, 


AE so =0°85 E'soo- 


Since E seo = €s00 Cl 
(where €59)=molar extinction coefficient of rhodopsin at 
500 mu; /=length of optical path over which the optical 
density has been measured; c=molar concentration of 
rhodopsin) - x 

AE 599 = 0°85. E59 cl. 

For a 0-5 em. optical path and a molar extinction coeffi- 
cient of 4-8 x 104 em.” at 500 my (Collins & Morton, 1950b), 
AE 509/20 000. 

Some solutions became faintly opalescent when bleached; 
results from these were discarded. It was always necessary 
to ensure that no rods remained in suspension after pipetting 
off the extracts from residual retinal material. The ability of 
these solutions to stabilize suspensions made this problem 
difficult to overcome. A small quantity of reddish photo- 
sensitive sediment was frequently observed after centri- 
fuging these extracts prior to the optical measurements. 


we have c 


Measurement of absorption spectra 

Absorption spectra were measured in the same apparatus 
and under the same conditions as described in the foregoing 
section. The precautions for ensuring that the solutions were 
thermally stable were as described by Dartnall (1952). To ob- 
tain solutions of suitable purity, the rod outer segments 
were separated from the rest of the retinae by the method of 
Saito (1938), and were then extracted with the given ex- 
tracting agent. 


RESULTS 





General properties of extracts 
In most cases, if the extracts were cooled to 3° a 
crystalline precipitate was formed. Visual examina- 
tion of this precipitate revealed that most of the 
rhodopsin was associated with it. The precipitate 
dissolved slowly if warmed to 20°. Exposure of the 





Vo 
red 
col 
yel 


of 
chl 
cip 
a fi 
ass 


of ' 


soli 
pH 
rhc 
pre 
wh 


tril 
mo 
ap] 
per 
in « 
lov 
pai 
los 
60 
dec 
for 


chl 


anc 
tin 
pre 
tov 
tra 
ing 
chl 
wa 
wit 


roc 
tru 
lati 
obs 
19% 
pre 
qui 


fou 


ext 
ext 
spe 
the 


sin 





en 


en 
en 


he 
he 


500 
ce 


at 


of 


fi 
b), 


ry 
ng 

of 
“m 
tO- 


JUS 
ng 
re 
yb- 
its 

of 


a- 
he 


he 





Vol. 66 


reddish crystals to daylight caused a slow change of 
colour, passing from red to orange, then bright 
yellow fading to pale yellow. 

Similar precipitates were obtained if the pH 
of extracts prepared with the alkylammonium 
chlorides was raised to between 8 and 9. These pre- 
cipitates dissolved slowly if they were suspended in 
a fluid of pH 6. Again, most of the rhodopsin was 
associated with the precipitated material (the bulk 
of which was presumably free amine). 

Although no precipitation occurred when pure 
solutions of the quaternary salts were adjusted to 
pH 8-9, precipitates were occasionally observed in 
rhodopsin extracts made with these reagents. The 
precipitates did not appear to redissolve easily, even 
when suspended in fluids as acid as pH 4-6. 


Loss of rhodopsin during storage 

With the exception of the digitonin, hexadecyl- 
trimethylammonium chloride and hexadecylam- 
monium chloride extracts, loss of rhodopsin was 
appreciable after storage in darkness at 3° for a 
period of several weeks. The largest losses occurred 
in extracts prepared with high concentrations of the 
lower homologues. For example, an extract pre- 
pared with 1-25 x 10-?mM-octylammonium chloride 
lost about 73%, of its rhodopsin when stored for 
60 days, compared with 35% for a 2-58 x 10-2m- 
decylammonium chloride extract and only 0-3% 
for a 2-75 x 10-?m-hexadecyltrimethylammonium 
chloride extract stored over the same period. 

Often the solutions became somewhat opalescent 
and photometrically unstable, even after adequate 
time had been allowed for solution of the ‘cold’ 
precipitate. Generally speaking, the trend was 
towards improved keeping properties of the ex- 
tracts as the hydrocarbon chain of the extract- 
ing agent was lengthened. Hexadecylpyridinium 
chloride was an exception to this tendency; there 
was 80% loss of rhodopsin in an extract prepared 
with a 1-76 x 10-?M solution of that substance. 


Absorption and difference spectra 

The d,,,,, of extracts prepared from the isolated 
rod outer segments ranged from 498 to 501 my. The 
true X,,,,, of the rhodopsin was obtained by calcu- 
lating the EZ), /Eyax. Values and correcting the 
observed maxima accordingly (cf. Collins & Morton, 
1950a; Crescitelli & Dartnall, 1954). For extracts 
prepared with the alkylammonium chlorides, 
quaternary salts and digitonin, the true A 
found to be 502 + 2 Mp. 

Difference spectra, obtained by exposure of the 
extracts to white light, were identical for all 
extracting agents. The 4,,,. of the difference 
spectra was at 504+ 1 my (at pH 7-0), confirming 
the value of 502 + 2 my for the ),,,,. of the rhodop- 
sin absorption spectrum. 


was 


max. 


max. 
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It was found that the purity of the rhodopsin 
extracts (assessed by JL, /E 


the hydrocarbon chain length of the extracting 
agent was decreased. Thus an ey.tract prepared from 


max.) diminished as 


isolated rod outer segments with 0-13M-amy]l- 
ammonium chloride had an £,,,,/E,,,. of 0-62, 


whereas one prepared with 2-8 x 10-*m-tetradecy]- 
ammonium chloride had an £,,,,,/E,,,, of 0-44. The 
Ein. /Emax, Of extracts prepared from whole retinae 
with concentrations of extracting agent above the 
critical (CCM) 
higher than those prepared with concentrations 
below the CCM. 
the CCM contain micelles which are capable of 


max. 


concentration for micelles were 


Solutions at concentrations above 


solubilizing yellow lipid substances of retinal origin. 
This might account for the decrease in extract 
purity when the extracting agent concentration 
exceeds the CCM. 


Quantitative aspects of the extraction process 

When a batch of whole retinae was treated with 
successive volumes of extracting-agent solution, it 
was usually found that the first extract contained 
less rhodopsin than its successors. Thus when a 
batch of twelve retinae was extracted with 1 ml. 
volumes of 5-2 x 10-*m-decylammonium chloride 
solution, the first extract had AL, of 0-0364, whilst 
the second and third extracts had ALi), of 0-0520 
and 0-0531 Similar 
obtained at other concentrations and with other 
extracting agents. 

In Table 1 are listed some typical results obtained 


respectively. results were 


with amylammonium, decylammonium and tetra- 
decylammonium chlorides. The second and third 
extracts in each case contained about the same 
quantity of rhodopsin. 
a retinal batch then yielded the same amounts of 
rhodopsin in each extract until the retinae were 
exhausted. 

With low concentrations of extracting agent it 
was often necessary to extract the retinae five or six 


Continued extraction of 


times before rhodopsin appeared in an extract. 
Once a given retinal batch yielded an extract 
containing rhodopsin (extract R,), albeit only in 
a very small quantity, the next extract (R,) con- 
tained a greater quantity, which then remained 
constant for all succeeding extracts (R,, R,, etc.). 
Whereas in the majority of cases the quantity of 
rhodopsin in R, was dependent upon the number of 
retinae extracted and the concentration of ex- 
tracting agent, the rhodopsin content of succeeding 
extracts was dependent only on the latter. It was 
considered that extracts R,, R,, etc. contained the 
maximum amount of rhodopsin which could be 
extracted by that 
agent. This amount of rhodopsin was, in fact, pro- 
portional to the extracting-agent concentration. If 
extracting-agent concentration is plotted against 


concentration of extracting 
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Rhodopsin content (as estimated by the AZo) at about pH 7) of successive extractions of batches of retinae by 1 ml. 
volumes of solutions prepared with three alkylammonium chlorides. 














Conen. of extracting soln. No. of AE so of AE 59 of AE so9 of 
(mM) retinae first extract second extract third extract 
1, Amylammonium chloride 
8-48 x 10-? 12 0-0136 0-0368 0-0362 
1-06 x 10-4 12 0-0218 0-0433 0-0441 
1-28 x 10-1 12 0-0296 0-0501 0-0522 
2. Decylammonium chloride 
5-20 x 10-8 12 0-0364 0-0520 00531 
1-29 x 10-2 24 0-1066 0-1446 0-1438 
2-08 x 10-7 36 0-1735 0-2247 0-2239 
2-58 x 10-2 48 0-2190 2 0:2942 
3°87 x 10-2 60 0-3319 0-4248 
5-15 x 10-? 84 0-3349 0:5444 0-5425 
3. Tetradecylammonium chloride 
2-00 x 10-8 12 0-0655 0-0858 0-0870 
2-80 x 10-8 18 0-0934 0-1162 0-1169 
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Fig. 1. Extraction curves for all the extracting agents investigated. 
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the corresponding rhodopsin content of extract R, 
one obtains, for a given extracting agent, a straight 
line passing through the origin (see Fig. 1). 

The verification that AL 59) for R, was equal to 
AEs. for R,; was always carried out, in order to 
ensure that the extracting agent had been equili- 
brated with an excess of rhodopsin. 

In general, the following expression was found to 
describe the relationship between the rhodopsin 
content of extract R, and that of extract R, : 

N,_ «Ny-yng 

N, Ny 
(where N,=moles of rhodopsin in the first rhodop- 
sin-containing extract (?,); N,= moles of rhodopsin 
in the second rhodopsin-containing extract (R,); 
N,=moles of extracting agent/volume of solution 
used in each extraction; «= total number of times 
the retinae have been treated with extracting agent 
before R,. This figure includes any initial extracts 
which did not yield rhodopsin; y=number of 
retinae ; 2,= constant for a given extracting agent). 

The values of n, for different extracting agents 
are given in Table 2. For the 16 carbon compounds, 
the value of n, is about 2-8 x 10-8 moles, increasing 
with decreasing chain length to 4-5 x 10-* moles for 
amylammonium chloride. The interpretation of the 
quantity nq will be considered below. 


Amount of rhodopsin extracted by 
different extracting agents 

The amount of rhodopsin extracted by a given 
concentration of extracting agent is taken as the 
mean of the amounts in extracts R, and R,. The 
rhcdopsin contents of these extracts depend only on 
the type and concentration of extracting agent. 

(1) Extraction of rhodopsin by the alkylammonium 
chlorides. The general formula of the alkylam- 
monium chlorides is given by (1). The homologues 
investigated had n=4, 7, 9, 11, 13 and 15. 


H,C-[CH,],"NH,4}Cl- 
(I) 
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The slopes of the extraction curves shown in 
Fig. 1 may be used as a measure of the ‘extracting 
efficiency’ of each alkylammonium chloride. The 
16-carbon hexadecylammonium chloride has an 
extracting efficiency maximal for the series; 
3-0 x 10-* moles of rhodopsin are extracted/mole of 
that extracting agent. This value compares with 
only 2-1 x 10~> moles of rhodopsin/mole of the 5- 
carbon amylammonium chloride. The extracting 
efficiencies for these and other extracting agents are 
summarized in Table 2. 

The lengthening of a 5-carbon chain to 8 carbons 
causes a 20-fold increase in extracting efficiency. 
This increase in extracting efficiency becomes pro- 
gressively less for further increases in chain length, 
being 2-4 from 10 to 12 carbons and only 1-4 from 
14 to 16 carbons. 

The inverse value of the extracting-curve slope 
gives the number of moles of extracting agent 
required to extract 1 mole of rhodopsin: this repre- 
sents the ratio of the numbers of extracting-agent 
molecules and rhodopsin molecules in solution. The 


ratio varies from 48000 for amylammonium 
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Fig. 2. Change in the molar ratio of extracting agent: 
rhodopsin as the alkyl chain length is increased from 
5 carbons (amylammonium chloride) to 16 carbons 
(hexadecylammonium chloride). 





Table 2. Extracting of rhodopsin by different cationic reagents and by digitonin 


Extraction efficiency is the no. of moles of rhodopsin extracted/mole of extracting agent. The figures given in the last 


column are the inverse values of the extracting efficiency. », is defined in the text. 


Extracting agent 
Digitonin 
Hexadecyltrimethylammonium chloride 
Hexadecylpyridinium chloride 
Hexadecylammonium chloride 
Tetradecylammonium chloride 
Dodecylammonium chloride 
Decylammonium chloride 
Octylammonium chloride 
Amylammonium chloride 
Dodecamethylene-1:12-diammonium dichloride 


Molecular ratio 
of extracting 


Na Extracting agent to 

(moles) efficiency rhodopsin 
1-12 x 10-® 4-1 x 10-3 250 
2-79 x 10-8 3-0 x 10-8 330 
2-83 x 10-8 3-0 x 10-3 330 
2-78 x 10-8 3-0 x 10-8 330 
4:06 x 10-8 2-1 x 10-3 470 
7:30 x 10-8 1-3 x 10-8 800 
1-25 x 10-7 5:4 x 10-4 1 800 
1-19 x 10-6 iek x 10-* 8 800 
4:47 x 10-6 2-1 x 10-5 48 000 
4-80 x 10-8 2-3 x 10-3 430 
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chloride to 330 for hexadecylammonium chloride 
(see Table 2); its variation with length of alkyl 
chain is plotted in Fig. 2. 

(2) Extraction of rhodopsin by quaternary com- 
pounds. Two 16-carbon quaternary compounds were 
investigated: these were hexadecyltrimethylam- 
monium chloride (II) and hexadecylpyridinium 


chloride (IIT). 
H,C-[CH,},5*N(CH,),}CI 
(IT) 
H,C+[CH,],5*N *C,H;}Cl 
(IIT) 


The ability of these two substances to extract 
rhodopsin is identical with that of hexadecyl- 


ammonium chloride, namely 3-0 x 10-* moles of 


rhodopsin/mole of extracting agent (see Table 2). In 
the region of the CCM (shown in Fig. 1 by the dotted 
contour which cuts each extraction curve at the 
CCM) there is a change in the slope of the extraction 
curve, the extracting efficiency above the CCM being 
only one-third of that below it. This is not shown 
clearly in Fig. 1, owing to the steepness of the curve. 

(3) Extraction of rhodopsin by dodecamethylene- 
1:12-diammonium dichloride. This substance differs 
from dodecylammonium chloride in that it has an 


extra terminal NH, group (IV). 
Cl {HN +[CH,];.*NH,}Cl- 
(IV) 


The extracting efficiency of dodecamethylene- 


1:12-diammonium dichloride is 2-3 x 10-3 moles of 


rhodopsin/mole of extracting agent. The corre- 
sponding value for dodecylammonium chloride is 
1-3 x 10-%. The diammonium derivative is therefore 
about 1-8 times as effective as its related mono- 
ammonium compound. 

(4) Extraction of rhodopsin by digitonin. Digitonin 
has a structure quite different from that of the fore- 
going substances. It consists of a bulky polycyclic 
hydrocarbon structure united with 5 sugar mole- 
cules (4 hexose molecules and 1 of pentose). Since 
this substance does not ionize when dissolved in 
water, it is classed as non-ionic. 

Its extracting curve is a straight line passing 
through the origin, except at the CCM, where there 
is an inflexion in the curve representing a reduction 
in the extracting efficiency of about one-half. The 
extracting efficiency of digitonin below its CCM is 
4-1x10-* moles of rhodopsin/mole of digitonin, 
a value somewhat larger than that of the Cy, 
cationic compounds. 


Effect of altering the duration of equilibration 


Tests were carried out in order to ensure that the 
extracting agent solution had reached equilibrium 
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with the washed retinae. Several concentrations of 
decylammonium chloride were taken, and extrac- 
tion curves were plotted as before, only this time 
the extracting agent solution was allowed to remain 
in contact with the retinae for 1-5 hr. instead of 
0-5 hr. Within experimental error, there was no 
difference between the extraction curves for these 
different durations. Consequently, it was inferred 
that the extracting agent—retinae system had 
reached equilibrium after 0-5 hr. 


Effect of altering the extraction pH 

The previously described extractions were 
carried out on retinae which had been thoroughly 
washed in pH 4-6 buffer. In addition, the extracting 
solutions themselves were at pH 4-6. A series of 
extractions was carried out with solutions of decyl- 
ammonium chloride at pH 6-8. The retinae were 
washed with pH 6-8 buffer before the extraction. 
The quantities of rhodopsin extracted at this pH 
were the same as those extracted at pH 4-6. 


DISCUSSION 


When a solution of an extracting agent is equili- 
brated with an excess of rhodopsin contained in 
frog’s retinae, the amount of rhodopsin extracted is 
proportional to the extracting-agent concentration 
(provided this is below the CCM). In extracts 
prepared with a given extracting agent, the number 
of extracting-agent molecules is a constant multiple 
of the number of molecules of rhodopsin. For non- 
ionic digitonin this multiple is 246, a value com- 
patible with Hubbard’s (1954) finding that rhodop- 
sin extracts prepared with digitonin contain com- 
plex micelles, each composed of 180-200 molecules 
of digitonin and 1 molecule of rhodopsin. 

Digitonin not only extracts rhodopsin, it is also 
responsible for keeping the latter in solution. This is 
demonstrated by the fact that removal of digitonin 
from extracts by dialysis causes precipitation of the 
previously ‘solubilized’ rhodopsin (Chase & Haig, 
1938; Broda, Goodeve & Lythgoe, 1940; Hubbard, 
1954). There seems no doubt that digitonin forms 
a water-soluble complex with rhodopsin, and the 
similarity between the extraction curves of digitonin 
and those of the alkylammonium chlorides suggests 
that in these substances complex formation may 
also occur. Further support for this suggestion is 
provided by the fact that, in common with digitonin, 
the alkylammonium chlorides appear to act as 
solubilizing agents for rhodopsin, since precipitation 
of the extracting agent by methods which do not 
destroy rhodopsin also causes precipitation of that 
substance. 

The majority of concentrations used in the 
present work were below the CCM, i.e. the extracting 
agents were present in the pure solutions as free ions 











Si 
ck 
be 
cl 
rh 











— Ly 





Vol. 66 


or molecules. It is therefore extremely unlikely that 
rhodopsin is solubilized in the same way as water- 
insoluble dyestuffs and hydrocarbons, namely by 
‘solution’ in the hydrocarbon interior of the 
solubilizing agent’s micelles. Consequently, the 
extracting agent must form some chemical complex 
with rhodopsin. 

It is known that many cationic and anionic 
surface-active agents can form complexes with 
proteins (Putnam, 1948), and the reactions involved 
are in many ways similar to those of the present 
work. Thus the protein-precipitating activity of the 
sodium alkyl sulphates is found to increase with 
increasing chain length (McMeekin, 1942; Putnam 
& Neurath, 1945). McMeekin showed that successive 
additions of CH, to sodium octyl sulphate caused 
protein-precipitating activity to increase until a 
nearly maximum value was obtained, when further 
addition of CH, had little effect. 

Like observations have been made in the present 
work. As the chain length of an alkylammonium 
chloride is increased, its rhodopsin-extracting 
efficiency becomes greater. The extracting agent: 
rhodopsin ratio decreases considerably as the chain 
length of the lower homologues is increased, but this 
effect becomes much less marked as the series is 
ascended. 

Lundgren (1945) suggested that anionic surface- 
active agents combined with proteins by means of 
the electrostatic attraction between the negatively 
charged polar groups of the surface-active agent 
and oppositely charged groups of the peptide chain. 
Similarly, it may be suggested that the positively 
charged NH, groups of the alkylammonium ions 
become attached to corresponding negatively 
charged carboxyl groups on the peptide chain of the 
rhodopsin molecule. One would not expect that 
a complex of this type would be water-soluble, 
owing to the orientation of a large number of 
hydrophobic alkyl chains towards the aqueous 
phase. However, if then a second layer of alkyl- 
ammonium ions is amphipathically adsorbed on to 
these alkyl chains in such a way that the hydro- 
philic polar groups point outwards, the complex 
becomes water soluble. 

The nearly doubled extracting efficiency of dode- 
camethylene-1:12-diammonium dichloride may be 
attributed to the fact that the ion is hydrophilic at 
both ends, and therefore attachment of one end to 
the peptide chain always leaves a hydrophilic end in 
the aqueous phase. The complex so formed is water- 
soluble without the need for double-layer formation. 

The greater extracting efficiency of the long-chain 
alkylammonium chlorides is due to their greater 
tendency for double-layer formation. In addition, 
the electrostatic combination of rhodopsin with 
alkylammonium ions is stabilized by the mutual 
affinity of adjacently bound ions, an effect which 
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becomes greater as the length of the alkyl chain is 
increased. 

The surprising absence of any pH effect on the 
extraction curves of the present work is comparable 
with Putnam & Neurath’s (1945) finding that the 
combination of sodium dodecyl sulphate with 
serum albumin was independent of pH over the 
range 4-0—6:8. 

It is not clear how digitonin can react with 
rhodopsin. The binding of digitonin and rhodopsin 
molecules could take place by means of weak van der 
Waals forces between the non-polar regions of the 
peptide chain and the polycyclic hydrocarbon 
portion of the digitonin molecule. On the other 
hand, hydrogen-bond formation could 
between the sugar hydroxyl groups of digitonin and 
the carbonyl groups of the peptide chain. It seems 
probable that some factor of specific affinity is 
involved, since digitonin does not appear to form 
a complex with ovalbumin (Hubbard, 1954). 


occur 


Number of anionic groups in rhodopsin 

ratio tends 
towards a minimum value as the length of the alky] 
chain is increased. For hexadecylammonium 
chloride this ratio has a value of 330. The higher 
values obtained for the lower homologues might be 
due to the fact that only a proportion of the extract- 
ing agent molecules is combined with the extracted 
rhodopsin. Putnam and Neurath’s observations 
on serum albumin tend to support this view, since 
these authors found that after complete precipita- 
tion with sodium octyl and decyl sulphates un- 
combined surface-active agent was always left in 
solution. This did not occur with sodium dodecyl 
sulphate. 

If all the 330 hexadecylammonium ions are com- 
bined with one rhodopsin molecule, and if these are 
arranged in a bimolecular layer, then the rhodopsin 
molecule would possess a maximum number of 165 
anionic groups. The combination of extracting agent 
molecules with other proteins of retinal origin 


The extracting agent:rhodopsin 


would, however, reduce this figure. 


Mechanism of the extraction process 

Until a certain amount of extracting agent has 
been added to the retina, no rhodopsin can be 
extracted. For each extracting agent, this amount 
(nq) is a constant (per retina) and becomes larger 
as the length of the alkyl chain decreases. In the 
16-carbon compounds, n, has a value of about 
2-8 x 10-§ moles. If about 330 molecules of the 
16-carbon compounds are required to extract one 
molecule of rhodopsin, and if the frog retina con- 
tains 2 x 10-® moles of rhodopsin (Hubbard, 1954), 
then 2-8x10-§ moles of a 16-carbon compound 
should be sufficient to extract one-twentieth of the 
available rhodopsin. 
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The failure of these substances to extract this 
amount could be attributed to: (a) the formation of 
complexes with proteins situated in a position 
topographically more favourable than that of 
rhodopsin, e.g. proteins of connective tissue, nerve 
fibres, etc.; (b) the formation of an insoluble com- 
plex with rhodopsin by deposition of a monomole- 
cular layer around the molecule. 

In its ‘native’ state, the rhodopsin molecule may 
not necessarily be intrinsically insoluble. The 
failure of water to extract this protein may be due 
to the incorporation of the molecule within the 
structure of the rod outer limb. The rod could be 
considered as a macromolecule of proteins and 
lipid; the rhodopsin molecule is bound within this 
framework by means of polar and hydrogen bonds. 

The penetration of a bulky positively charged 
alkylammonium ion into such a structure would 
profoundly disturb these electrostatic forces and 
sause considerable steric hindrance to hydrogen- 
bond formation. Thus the rod structure would 
disintegrate and, as outlined above, by suitable 
combination with the extracting-agent’s ions, the 
rhodopsin would be brought into solution. 


Structure, surface activity and the 
ability to extract rhodopsin 

Almost all substances capable of extracting 
rhodopsin are surface active. Reference to Table 3 
shows that the ability to extract rhodopsin is not 
confined to any particular group of surface-active 
agents; in fact, a surprisingly large number of 
substances with different structures appear to have 
extracting properties. 

What type of chemical structure is required in an 
efficient extracting agent? From the foregoing 
discussion it is clear that two requirements must be 
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fulfilled. First, the extracting agent molecule must 
have a grouping capable of reacting with the peptide 
chain; this grouping must also be hydrophilic (the 
‘reacting group’). Secondly, the molecule must 
have a grouping conferring stability upon the 
bimolecular layer surrounding the ‘solubilized’ 
peptide chain (the ‘stabilizing’ group). 

The reacting group may be positively charged (in 
the cationic extracting agents) or negatively 
charged (in the anionic extracting agents). With 
non-ionic digitonin it has been suggested that the 
reacting group may be the glycone moiety of the 
molecule; the stabilizing group would then be the 
remaining hydrocarbon aglycone. 

A consequence of this structural duality (re- 
acting group-stabilizing group) is that the molecule 
will have the structural characteristics of a surface- 
active agent. The hydrophilic group and the hydro- 
phobic group of the surface-active agent are 
respectively the reacting group and the stabilizing 
group of the extracting agent. 


SUMMARY 


1. A series of cationic surface-active substances 
have been shown to be capable of extracting rhodop- 
sin from the dark-adapted frog retina. These sub- 
stances are: (a) The alkylammonium chlorides, of 


general formula CH,*[CH,],*NH,}Cl. In the 
present investigation n was 4, 7, 9, 11, 13 and 15. 
(6) The quaternary 16-carbon compounds hexa- 
decyltrimethylammonium chloride and hexadecyl- 
pyridinium chloride. (c) The 12-carbon dodeca- 
methylene-1:12-diammonium dichloride. 

2. When extracts were stored in darkness at 3°, 
loss of rhodopsin was appreciable in those extracts 
Rhodopsin 


prepared with the lower homologues. 


Table 3. Scheme showing the classification of surface-active agents and groups containing substances 
capable of extracting rhodopsin 
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losses were negligible in extracts prepared with the 
16-carbon compounds (with the exception of 
hexadecylpyridinium derivative). Generally, the 
keeping properties of extracts improved as the 
length of the alkyl chain was increased. 

3. When a batch of retinae was repeatedly 
extracted with small volumes of a given concentra- 
tion of an extracting-agent solution, the first 
extract usually contained much less rhodopsin than 
its successors. These extracts all had the same 
rhodopsin content (provided the retinae did not 
become exhausted). This suggests that initially some 
of the extracting agent is ‘inactivated’ owing to its 
combination with non-photosensitive retinal pro- 
teins. The calculated amount of extracting agent so 
inactivated was found to be constant for a given 
extracting agent. As soon as this combination has 
been completed, rhodopsin is extracted in quantities 
proportional to the extracting-agent concentration. 

4. The slope of the straight line obtained by 
plotting extracting agent concentration against 
rhodopsin concentration varies for different ex- 
tracting agents. The molar ratio of extracting 
agent:rhodopsin increases from 330 for the 16- 
carbon hexadecylammonium chloride to 48358 for 
the 5-carbon amylammonium chloride. The ex- 
traction curves for the 16-carbon quaternary com- 
pounds are identical with that of hexadecyl- 
ammonium chloride. The slope of the dodeca- 
methylene-1:12-diammonium dichloride extraction 
curve is nearly half that of the corresponding mono- 
ammonium compound, dodecylammonium chloride. 

5. It is suggested that the cationic extracting 
agent forms a water-soluble complex with rhodop- 
sin. The reactions involved are as follows: (a) The 
extracting-agent cations form a single layer over the 
rhodopsin peptide chain. This is due to the electro- 
static attraction between the polar head group of the 
cation, and oppositely charged groups on the peptide 
chain. The alky] chains of this layer point towards 
the aqueous phase. (b) A second layer of cations 
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amphipathically adsorbed on to the first produces a 
water-soluble complex. The addition of an extra 
terminal NH, to dodecylammonium chloride (thus 
forming dodecamethylene-1:12-diammonium chlor- 
ide) reduces the molar ratio of extracting agent: 
rhodopsin by nearly half. This is attributed to the 
fact that the ion has become hydrophilic at both 
ends of the alkyl chain, and hence double-layer 
formation is not necessary for the formation of a 
water-soluble complex. 


I should like to record my thanks to Dr H. J. A. Dartnall 
for his encouragement throughout this work, and for his 
helpful criticisms of the manuscript; also to Miss Anne Ley 
for her invaluable assistance in the laboratory and for 
drawing the figures; also to the Medical Research Council 
for a grant, without which this work could not have been 
carried out. 
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The Hydrolysis of Indoxyl Esters by Esterases of Human Blood 


By ELUNED E. UNDERHAY 
Courtauld Institute of Biochemistry, Middlesex Hospital Medical School, London, W. 1 


(Received 20 November 1956) 


A new method for the localization of esterases in 
animal tissues by a histochemical staining process, 
using indoxy] esters as substrates, has recently been 
described by Barrnett & Seligman (1951) and inde- 
pendently by Holt (1952). The indoxyl esters are 
hydrolysed by tissue esterases to indoxyl, which is 
subsequently oxidized to indigo, forming an in- 


tensely coloured visual indicator of the sites of 
enzymic activity. 

Detailed and characteristic histological pictures 
are obtained by a modification of this procedure, 
developed in these laboratories, which employs 
certain ring-substituted indoxy]l esters as substrates 
(Holt & Withers, 1952; Holt, 1954). Recently, the 
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results of a systematic study of some fundamental 
aspects of histochemical staining procedures have 
been reviewed and a description is given of the de- 
velopment of a much improved indoxylic method 
for esterases which appears to have a precision of 
about 0-5-1-0 » (Holt, 1956). To interpret fully the 
results of such histochemical procedures, it is 
essential to know which esterases are capable of 
hydrolysing the substrates used. 

The indoxyl esters show structural analogies to 
acetylcholine (Holt, 1952) as well as to various 
aromatic esters such as phenyl and naphthy! esters. 
Mounter & Whittaker (1953) found that phenyl 
acetate is rapidly hydrolysed by aliphatic and 
aromatic esterases as well as by cholinesterases, 
whereas the naphthy] esters are generally regarded 
as being substrates for esterases rather than cholin- 
esterases (Nachlas & Seligman, 1949; Gomori, 
1953). It is therefore very likely that histochemical 
procedures which use indoxyl esters as substrate 
demonstrate the combined activity of several 
esterases at any given site. 

Since pure enzyme preparations are not available 
the method of differential inhibition is generally used 
to study the contribution made by the various 
esterases of a crude enzyme preparation towards the 
hydrolysis of a given substrate (Aldridge, 1953a; 
Mounter & Whittaker, 1953). This technique is 
based on the finding that cholinesterases are in- 
hibited by low concentrations of both eserine and 
organophosphates; a second type of esterase, 
aliphatic esterase, is inhibited only by organophos- 
phates, and a third type of esterase, aromatic 
esterase, is not inhibited by either eserine or organo- 
phosphates. 

The method of differential inhibition has now 
been used to study the enzymic hydrolysis of some 
unsubstituted indoxy] esters and also of «-naphthyl 
acetate, another currently used histochemical 
substrate for esterases. 

Unsubstituted indoxyl esters have been chosen 
as model substrates in this initial study because of 
their greater solubility compared with that of the 
substituted derivatives at present used in these 
laboratories in histochemical staining procedures. 
This greater solubility allows the use of a con- 
venient manometric procedure for the study of 
esterase activity. Human red cells and plasma were 
chosen as the sources of esterases, and the results 
presented below show that the indoxyl esters and 
a-naphthyl acetate, like phenyl esters, are hydro- 
lysed by the two cholinesterases, and by the ali- 
phatic and aromatic esterases from these sources. 


MATERIALS AND METHODS 


Substrates. The substrates used were indoxyl and phenyl 
acetates, propionates and butyrates, acetylcholine chloride, 
propionyl and butyrylcholine iodides and «-naphthyl 


acetate. The indoxyl esters, propionyl and butyrylcholine 
iodides and «-naphthyl acetate were provided by Dr S. J. 
Holt and were of analytical purity. The phenyl esters were 
obtained commercially (B.D.H. Ltd.) and purified by the 
method used by Aldridge (1954). Acetylcholine chloride 
was obtained from Roche Products Ltd. 

Inhibitors. Inhibitors used were eserine sulphate 
(Burroughs Wellcome and Co.); di-isopropyl phosphoro- 
fluoridate (DFP) and p-chloromercuribenzoic acid. 

Enzyme preparations. The sources of mixed esterases were 
heparinized human plasma and human red cells which had 
been twice washed with 0-9% NaCl. Highly purified 
enzymes were bovine red-cell cholinesterase (Winthrop 
Stearns Inc.) and human plasma fraction IV-6-3 which had 
been prepared in the late Dr Cohn’s laboratory. 

Measurement of esterase activity. Enzymic activity was 
determined manometrically in the Warburg apparatus at 
37° in a medium of 0-025mM-NaHCO,, containing 0-1% of 
erystallized bovine-plasma albumin (Armour Laboratories) 
and saturated with N, +CO, (95:5); pH 7-5. 

As the indoxyl esters have a low solubility in aqueous 
media it is not possible to obtain sufficiently concentrated 
stock solutions in0-025mM-NaHCoO,. The esters are, however, 
far more soluble in organic solvents and of those investigated 
ethanol proved to be the most satisfactory. All the sub- 
strates except the choline esters were therefore dissolved in 
absolute ethanol and 0-15 ml. of the resultant solution, 
together with 0-15 ml. of 0-025m-NaHCO,, was added to the 
side arm of each manometric vessel. The enzyme, plus any 
salts or inhibitors, was placed in the centre compartment 
with sufficient 0-025m-NaHCO, to make 2-7 ml. The vessels 
were then placed in the Warburg bath and gassed for 7 min. 
while shaking at 37°. During gassing some of the ethanol 
was driven off so that the final concentration remaining in 
each manometric vessel was less than 5% (v/v). This con- 
centration of ethanol had no measurable .effect on the 
hydrolysis of acetylcholine by human red cells and caused 
less than 20% inhibition with human plasma (see also 
O’Brien, 1956). For strict comparison the same volume of 
ethanol was also used in those vessels in which a choline 
ester was the substrate, and with all controls. 

Readings were taken every 10 min., beginning 5 min. 
after the addition of substrate, thus allowing time for 
equilibration after the ethanolic substrate solution was 
tipped into the main compartment. When an inhibitor was 
used, enzyme and inhibitor were allowed to remain in 
contact for 20 min. at 37° before adding the substrate. 
Corrections for non-enzymic hydrolysis were applied in all 
experiments. 

Under these conditions all but a slight trace of O, was 
removed from the Warburg vessels, for, in spite of the 
intense colour of indigo which would be formed by oxidation 
of enzymically liberated indoxyl with O,, only a faint 
greenish coloration was produced. Thus the manometric 
readings could be relied upon to represent the true extent of 
hydrolysis. When hydrolysis was allowed to continue to 
completion, 80% of the theoretical yield of CO, was ob- 
tained from all the indoxyl substrates. This was in good 
agreement with the figure obtained for acetyicholine. 

Owing to solubility limitations, it was not possible to 
determine substrate concentration-activity curves for 
either the indoxyl esters or «-naphthyl acetate. A substrate 
concentration of 6 x 10-m was therefore selected as being 
the best compromise between solubility and linearity of CO, 
production over a reasonable period. This concentration 
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Table 1. Rates of hydrolysis of esters by human red cells and plasma 


Rate of hydrolysis was determined manometrically at 37° and pH 7-5 with 0-025m-NaHCO, as medium and a substrate 
concentration of 6 x 10-°m. Enzyme activity is expressed as yl. of CO,/10 min./0-05 ml. of human red cells or 0-2 ml. of 
human plasma. All figures represent means and the standard deviation is included with each. The number of individual 
determinations is given in parentheses. A, Human red cells; B, human plasma. 








Substrate Choline esters 

A. Acetate 70-9 + 10-5 (23) 
Propionate 60-4 + 12-0 (3) 
Butyrate 2-0+0-6 (3) 

B. Acetate 102-0 + 18-0 (26) 
Propionate 225-0 + 19-2 (4) 
Butyrate 313-2 + 55-6 (4) 

140 f 
. 
120 F- 
° 
100 F 
wv 
ve 
£ 
v 
2 
fod 60 F- 
O 
40 — 
1°) 
& 
20 F 
0 i J 
30 60 
Time (min.) 


Fig. 1. Rate of enzymic hydrolysis of 6 x 10-*m-indoxyl 
acetate as a function of time. O, Human red cells; 
@, human plasma. 


was used in all experiments except those in which a different 
level is specifically mentioned. A linear output of CO, was 
maintained over a period of 1 hr., provided the enzyme 
concentration did not exceed that required to produce an 
output of 20). of CO,/10 min. (Fig. 1). The CO, output 
during the period of linearity was proportional to enzyme 
concentration over a wide range, i.e. from 10 yl. of CO,/ 
10 min. to 80 ul. of CO,/10 min. 

Results quoted in Tables 1 and 2 represent the mean of a 
large number of determinations made on different blood 
samples. Individual results varied slightly from these 
values since, as is well known, esterase levels are not the 
same in all people (Augustinsson, 1955). 


25 


Indoxyl esters 
74-5+ 14-9 (27) 
29-6+5-9 (8) 
4-8+4 2-3 (8) 
30-6 + 6-0 (27) 
70-6+ 11-8 (7) 
43-6+9-4 (13) 


R 


Phenyl esters -Naphthyl esters 
96-7 + 16-6 (19) 72:345-2 (7) 
63-8 3-6 (4) — 

6-34.05 (3) ne 
1559 +.547-8 (10) 111-84 16-6 (5) 


415-486°5 (4) com 
205 -+55-1 (4) a 


boa) 
oO 


3 


Activity as % of control 
uw 
oO 
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Fig. 2. Effect of increasing concentrations of eserine on 
the hydrolysis of acetates by human red cells. Enzyme 
and inhibitor were incubated together for 20 min. at 
37° before adding the substrate. Substrate concentra- 
tion, 6 x 10-*w. (4, Acetylcholine; @, indoxyl acetate; 
O, phenyl acetate; ™, «-naphthyl acetate. 


RESULTS 


Hydrolysis by esterases of human red cells. The rate 
of hydrolysis of the three indoxyl esters by human 
red cells was measured and compared with that of 
the corresponding choline and pheny] esters. Table 1 
shows that substrates which have the same acid 
radical are hydrolysed at similar rates and that 
a-naphthyl acetate is hydrolysed at a rate com- 
parable with that of the other acetates. For each 
homologous series the rate of hydrolysis is inversely 
related to the length of the acy! chain. 
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The hydrolysis of acetylcholine by human red 
cells is accomplished entirely by acetocholinesterase 
[as defined by its inhibition by eserine (Richter & 
Croft, 1942); see also Aldridge, 1954]. With indoxyl, 
«-naphthyl or phenyl acetate as the substrate, other 
esterases were found to contribute to the hydrolysis. 
Fig. 2 shows the effect of eserine on the hydrolysis of 
the four acetates. The inhibition of the hydrolysis of 
acetylcholine in the presence of increasing concen- 
trations of eserine proceeds to completion in a 
continuous manner; this is not the case with any of 
the other three acetates. Eserine (10-*m) inhibits 
the hydrolysis of indoxyl acetate by 82%; raising 
the inhibitor concentration to 10-4m not 
produce any further significant loss in enzyme 
activity. Similarly, the hydrolysis of «-naphthyl 
and pheny! acetates is not completely inhibited by 
10-*M-eserine. 


does 
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The hydrolysis of the four acetates by human red 
cells is also inhibited by DFP, but its effect, like 
that of eserine, is always greatest with acetylcholine 
as substrate. A comparison of the residual activities 
of the same enzyme sample in the presence of 
10->m-DFP and of 10->m-eserine showed that DFP 
consistently reduces the rate of hydrolysis of 
indoxyl and phenyl acetates by about 2 or 3% 
more than does eserine. With «-naphthyl acetate 
this difference is greater and amounts to 13% 
(Table 2). 

The effect of 10-5 m-eserine and 10->m-DFP on the 
hydrolysis of indoxyl and phenyl propionates and 
butyrates is also shown in Table 2. As with the 
corresponding acetates both substances reduce the 
rate of enzymic hydrolysis, but the effect of DFP is 
always greater than that of eserine. This difference 
is most noticeable with the butyrates. 





Table 2. Percentage inhibition of human red-cell and human plasma enzymes 
by 10->m-eserine and 10°mM-DFP 


Enzyme and inhibitor were incubated together for 20 min. at 37° in the centre compartment of the manometric vessel 
vefore adding the substrate from the side arm. The substrate concentration was 6 x 10-°m. All figures represent means 
and the standard deviation is included with each. The number of individual determinations is given in parentheses, 


A, Human red cells; B, human plasma. 


‘ 


Choline esters 


ere ee as Satliccibiedciss 
Substrate Eserine DFP Mserine 
A. Acetate 94 99 83 
+4-7 (3) +1:0(3) -+4-2 (10) 
Propionate — = 81 
5-4 (5) 
Butyrate -— —- 28 
+ 12-1 (3) 
B. Acetate 100 100 90 
3-3 (8) 
Propionate -— -- 95 
0-2 (3) 
Butyrate ~- —- 90 
- 5-7 (5) 


Indoxy] esters 


Percentage inhibition 


Phenyl] esters a-Naphthyl esters 





sp Re ee ee | pe i 2 
DFP Eserine DFP Eserine DFP 
86 84 87 70 83 
6-0 (8) +6-4 (14) +56 (10) +5-3(5) +85 (3) 
93 87 93 a — 
55 (4) +7°7(4) +7°7 (3) 
83 32 97 - 
10-3 (3) -+£5:1(3) +4-0 (3) 
92 0 0 85 87 
+ 3-5 (7) 2-8 (4) +2:-7 (3) 
96 28 31 —_ — 
3-5 (3) 411-7 (4) 412-0 (4) 


92 80 83 eat = 
+43 (3) +7-8 (3) 


Table 3. Aliphatic and aromatic esterase activities of human red cells and plasma 


Aliphatic esterase activity was determined as the difference between the activity remaining after 20 min. incubation at 
37° with 10-5m-eserine and that remaining after similar incubation with 10-'m-DFP. Aromatic esterase activity was 


determined as the activity remaining after incubation of the enzyme for 20 min. at 37° with 10-5m-DFP. X 


0-02 ml. of 


human red cells or 0-2 ml. of human plasma. Substrate concentration, 6 x 10-3. 


Esterase activity (ul. of CO,/10 min.) 


EE 





With X units of With 3X units of With 9X units of 


enzyme soln. 


Aliphatic esterase of human red cells. 
Substrate: indoxyl propionate 

Aromatic esterase of human red cells. 
Substrate: indoxyl acetate 


Aromatic esterase of human plasma. 
Substrate: indoxyl acetate 


enzyme soln. enzyme soln. 


1-5 4-4 11-5 
4-1 14:3 40-2 
1-1 3-4 8-5 
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10-°m-DFP inhibits acetocholinesterase 
completely, the hydrolysis of the indoxyl and 
phenyl esters and of a«-naphthyl acetate in the 
presence of DFP of this concentration must be due 
to another type of esterase. The difference in the 
effectiveness of eserine and DFP indicates that 
probably both aliphatic and aromatic esterases are 
involved (Mounter & Whittaker, 1953). This inter- 
pretation is supported by experiments in which 
higher enzyme concentrations were used. For 
example, the rate of hydrolysis of indoxyl acetate by 
red cells which had been incubated for 20 min. with 
10-°m-DFP is linearly related to the enzyme con- 
centration (Table 3); control experiments with 
acetylcholine as substrate show that under these 
conditions acetocholinesterase is completely in- 
hibited. Table 3 also gives results for the hydrolysis 
of indoxyl propionate by different concentrations 
of red cells which had been pre-incubated for 
20 min. with either 10-°m-eserine or 10->mM-DFP; 
these experiments show a linearity between the 
enzyme concentration and the enzymic hydrolysis 
which is resistant to eserine, but not affected by 
DFP. 

That an aromatic esterase contributes to the 
hydrolysis of the indoxy] and pheny] esters and of 
a-naphthyl acetate by red cells is also shown by the 
effect of magnesium and p-chloromercuribenzoic 
acid on the DFP-resistant enzymic activity. Both 
these substances inhibit the aromatic esterase of 
human and rabbit plasma (Aldridge, 19536, c; 
Hobbiger, 1954; Mounter, 1954), and the results 
given in Table 4 show that this also applies to the 
DFP-resistant hydrolysis of these substrates by red 
cells. Magnesium chloride (10-!m) has a very 
similar effect on the hydrolysis of indoxyl, phenyl 
and «-naphthyl acetates, but the effect of 10-°m-p- 
chloromercuribenzoic acid is somewhat variable. 
The latter could indicate that more than 
aromatic esterase is involved in the hydrolysis of the 
different esters, but no evidence in favour of such an 
interpretation was obtained in experiments in which 
mixed substrates were used. 

If several esterases contribute to the hydrolysis 
of a substrate their individual contributions will 
depend on the substrate concentration unless all the 
substrate concentration—activity curves are identi- 
cal. Since eserine and DFP affect the enzymic 
hydrolysis of the indoxy] and pheny] esters in such 
a similar manner, phenyl acetate was taken as a 
model substrate for investigating the dependence of 
the enzymes involved on substrate concentration. 
The results, which are presented in graphic form in 
Fig. 3, show that the percentage activity of each 
enzyme varies with the substrate concentration. 
Thus the results presented in Table 2 and Fig. 2 are 
applicable only to the substrate concentration 
specified (i.e. 6 x 10-3m). 


Since 


one 
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Hydrolysis by esterases of human plasma. When 
human plasma is used as the source of esterases, the 
rate of hydrolysis is determined by both the acyl 
group and the rest of the substrate molecule. With 
the choline esters the rate of hydrolysis decreases in 
the following order: butyrate, propionate, acetate ; 
with phenyl esters it is acetate, propionate, buty- 
rate, and with indoxy] esters, propionate, butyrate, 
acetate (Table 1). 

Pre-incubation of the plasma with 10->m-DFP 
for 20 min. reduces the hydrolysis of the indoxyl 
esters by more than 90%. The hydrolysis of «- 
naphthyl acetate is also greatly reduced by DFP of 
the same concentration, but the hydrolysis of phenyl! 
acetate is completely unaffected. The hydrolysis of 
phenyl propionate and butyrate is inhibited by 31 
and 83% respectively. These findings, which are 


Table 4. Inhibition of the aromatic esterases of human 
red cells and plasma by 10-1M-magnesium chloride 
and 10->m-p-chloromercuribenzoic acid 


Aromatic esterase activity was determined after incu- 
bating the crude enzyme preparation with 10-'w-DFP and 
either 10-'m-MgCl, or 10-5m-p-chloromercuribenzoic acid 
(PCMB) for 20 min. at 37° before the addition of substrate. 
The volume of red cells used was the same for all substrates 
but the volume of plasma varied by a factor of 300. Sub- 
strate concentration, 6 x 10-*m. All figures represent the 
percentage inhibition in relation to controls treated with 
DFP only. 

, Red cells 


Plasma 


PCMB 








Substrate MgCl, MgCl, PCMB 
Indoxyl acetate 67 37 66 16 
a-Naphthyl acetate 64 47 97 66 
Phenyl acetate 64 29 100 94 
Phenyl propionate - 100 89 
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Substrate concn. (— logy M) 


Fig. 3. Effect of substrate concentration on the hydrolysis 
of phenyl acetate by the enzymes of human red cells. 
Curve A, total hydrolysis by red cells. Curve B, hyarolysis 
after incubation for 20 min. at 37° with 10~->m-eserine. 
Curve C, hydrolysis after incubation for 20 min. at 37 
with 10-5m-DFP. Curve D represents hydrolysis by 
acetocholinesterase (A — B); curve C represents hydro- 
lysis by aromatic esterase; the difference between curves 
B and C represents hydrolysis by aliphatic esterase. 
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summarized in Table 2, indicate that an aromatic 
esterase contributes to the hydrolysis of all the 
esters other than those of choline. The rate of 
enzymic hydrolysis of these esters by DFP-treated 
plasma increases linearly with enzyme concentra- 
tion (Table 3); control experiments with choline 
esters as the substrate show that under these condi- 
tions butyrocholinesterase (‘pseudocholinesterase ’) 
is completely inhibited. 

Pre-incubation of the enzyme with 10->m-eserine 
for 20 min. has an effect which is similar to pre- 
incubation with 10->m-DFP (Table 2). The differ- 
ence in the degree of inhibition obtained by the two 
inhibitors is only small and does not increase with 
increasing length of the acyl chain. Furthermore, to 
achieve a maximum inhibition by eserine it is 
necessary to raise the inhibitor concentration to 
10-*m (Fig. 4). Since no DFP-sensitive and eserine- 
resistant enzymic hydrolysis of the indoxyl esters 
is thus detectable the participation of an aliphatic 
esterase in the hydrolysis of these esters by plasma 
is unlikely. 

These findings are in agreement with the con- 
clusion of Aldridge (1953a) and Mounter & 
Whittaker (1953), that an aliphatic esterase does 
not participate in the hydrolysis of various pheny] 
esters by human plasma. 

The aromatic esterase of plasma, like the aromatic 
esterase of red cells, is inhibited by magnesium 
chloride and p-chloromercuribenzoic acid, but the 
degree of inhibition achieved by a given concentra- 
tion of either substance depends on the substrate 
used (Table 4). The great differences in the rates at 
which the aromatic esterase hydrolyses the various 
esters make it impossible to use the same enzyme 
concentration in all experiments. It is possible that 
the variation in the degree of inhibition can be at 
least partly attributed to the different enzyme 
concentrations used. Such an interpretation is 


supported by the finding that the hydrolysis of 


phenyl acetate by 1:1000 plasma is completely in- 
hibited by 4 x 10-?mM-magnesium chloride, whereas 
with 1:100 plasma a concentration of more than 


10-!mM-magnesium chloride is required to abolish 
aromatic esterase activity completely. 

Inhibition of the aromatic esterase by p-chloro- 
mercuribenzoic acid enables a study to be made of 
the rate of hydrolysis of phenyl acetate by butyro- 
cholinesterase. In the absence of this substance the 
aromatic esterase activity is so great that human 
plasma can be used only in dilutions of the order 
of 1:1000, at which level no butyrocholinesterase 
activity can be detected. In the presence of p- 
chloromercuribenzoic acid the plasma can be used 
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Fig. 4. Effect of increasing concentrations of eserine on 
the hydrolysis of acetates by human plasma. Enzyme 
and inhibitor were incubated together for 20 min. at 
37° before adding the substrate. Substrate concentra- 
tion, 6x 10-°m. (4, Acetylcholine; @, indoxyl acetate; 
@, «-naphthyl acetate. (Phenyl acetate is uninhibited.) 


Table 5. Relative rates of hydrolysis by purified cholinesterases 


Bovine red-cell cholinesterase and human plasma fraction IV-6-3 were used as sources of enzymes. Substrate concen- 
tration, 6 x 10-*m. The activity is expressed as a percentage of the rate of hydrolysis of acetylcholine. Figures in paren- 
theses represent the values for crude enzyme preparations, calculated from Tables 1 and 2. A, Acetocholinesterase; 


B, butyrocholinesterase. 


Choline 
esters 
A. Acetate 100 (100) 
Propionate 84 (85) 
Butyrate 3 (3) 
B. Acetate 100 (100) 
Propionate 260 (221) 
Butyrate 332 (307) 


Indoxyl Phenyl a-Naphthyl 
esters esters esters 
70 (87) 107 (114) 53 (71) 
22 (34) 62 (78) _ 

1 (2) 2 (3) -- 
30 (28) 54 (55)* 96 (94) 
72 (66) 141 (120) os 
30 (39) 190 (166) ose 


* Determined in the presence of p-chloromercuribenzoic acid (see Results). 
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in a 1:100 dilution, when a large proportion of the 
activity is eserine-sensitive. Under these conditions 
butyrocholinesterase is found to hydrolyse phenyl 
acetate at 55 % of the rate of acetylcholine. 

Hydrolysis by purified cholinesterases. The rate at 
which the various substrates are hydrolysed by 
aceto- or butyro-cholinesterase alone is represented 
by the eserine-sensitive fraction of the total hydro- 
lysis obtained with either human red cells or human 
plasma as source of the enzyme. An attempt was 
made to measure these rates directly with purified 
preparations of each type of cholinesterase. Bovine 
red-cell cholinesterase and human plasma fraction 
[V-6-—3 were used as sources of purified enzymes. 

All the esters were hydrolysed by these enzyme 
preparations at rates similar to those calculated 
from the eserine-inhibition experiments. The 
results are given in Table 5. 


DISCUSSION 


The results which have been described in this paper 
show that the indoxy] esters and «-naphthy] acetate, 
like the phenyl esters, are hydrolysed by several 
different enzymes. Human blood contains five 
different esterases which take part in the hydrolysis 
of these substrates, namely, acetocholinesterase, 
butyrocholinesterase, two aromatic esterases (one 
present in red cells and the other in plasma) and an 
aliphatic esterase which is found only in red cells. 
On the whole, the indoxyl esters and «-naphthyl 
acetate are hydrolysed at a far higher rate by the two 
cholinesterases than by the aliphatic and aromatic 
esterases, the hydrolysis of indoxyl butyrate by red 
cells being an exception. 

The relative rates of hydrolysis of the indoxyl 
esters by acetocholinesterase are in the descending 
order acetate, propionate, butyrate (Tables 1 and 2), 
which is the same as that previously reported by 
Adams (1949) for the choline esters. This confirms 
the previous hypothesis that there should be a 
biochemical similarity towards this enzyme, based 
upon a structural analogy between indoxyl and 
choline esters (Holt, 1952). On the other hand, for 
butyrocholinesterase, the relative activity pattern 
for choline esters in descending order is butyrate, 
propionate, acetate (Adams & Whittaker, 1949), 
whereas for the indoxyl esters it is propionate, 
butyrate, acetate. 

These findings are true for the hydrolysis of the 
indoxyl esters by both highly purified cholin- 
esterases and the cholinesterases of crude enzyme 
preparations (Table 5). The slight differences which 
are observed between the rates of hydrolysis by 
purified and crude enzymes may be due to several 
factors. With acetocholinesterase, the highly purified 
enzyme hydrolyses the acetates and propionates, 
choline esters excepted, at a slower rate than the 
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crude enzyme. This might be the result of a species 
difference between bovine and human acetocholin- 
esterase (Augustinsson, 1948). In both the possi- 
bility exists that other substances present in the 
crude enzyme may be responsible for these dis- 
crepancies (Myers, 1952). 

With the aromatic esterase of red cells, a similar 
activity pattern to that shown by acetocholin- 
esterase exists for indoxy]l esters, namely, acetate, 
propionate, butyrate. For the hydrolysis of the 
indoxyl esters by the aliphatic esterase of red cells 
and the aromatic esterase of plasma, the activity is 
too small to allow any definite conclusions to be 
drawn. 

The phenyl esters are hydrolysed by the same 
esterases as the indoxyl esters, but there are two 
differences between the indoxy] and pheny] esters. 
First, butyrocholinesterase has the same substrate- 
specificity pattern for phenyl esters as for choline 
esters. Secondly, the hydrolysis of the phenyl 
esters by the aromatic esterase of plasma proceeds 
at exceedingly high rates and follows the descending 
order acetate, propionate, butyrate. Experiments 
with mixed substrates have shown that the hydro- 
lysis of both phenyl and indoxyl esters by the 
aromatic esterase of red cells or plasma is accom- 
plished by the same enzyme. 

Mounter & Whittaker (1953) expressed the 
opinion that the aromatic esterases of human red 
cells and human plasma were probably identical. 
The experiments described here show that the 
aromatic esterase of red cells hydrolyses indoxy] and 
phenyl acetates at approximately equal rates, 
whereas the aromatic esterase of plasma hydrolyses 
phenyl acetate 520 times faster than indoxyl 
acetate. For the propiony! and butyryl esters, this 
ratio is also much greater with the plasma enzyme 
than for the red-cell enzyme. This fact makes it very 
unlikely that the same DFP-insensitive enzyme is 
present in both red cells and plasma, even though 
both enzymes show similar substrate specificity and 
both are inhibited by magnesium chloride and p- 
chloromercuribenzoic acid. 

Preliminary experiments with other tissues, such 
as rat liver, indicate that here non-specific esterases 
are present in much higher concentration than in 
either human red cells or plasma and that cholin- 
esterases account for only a few per cent of the total 
rate of hydrolysis (Underhay, Holt, Beaufay & 
Duve, 1956). Unfortunately, there is no known 
selective inhibitor for the non-specific esterases, so 
that, for the time being, there is little possibility of 
directly studying the contribution of the cholin- 
esterases to the hydrolysis of these substrates. 

From the point of view of histochemical applica- 
tions, the results obtained in this study give a 
strong indication that indoxy] acetates are potenti- 
ally useful for the histochemical localization of the 
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several types of esterase, with the possible exception 
of the magnesium-sensitive aromatic esterases. In 
most cases, the localization of the total esterase 


activity would be demonstrated, but the use of 


selective inhibitors should make it possible to 
study directly the distribution of esterases other 
than the cholinesterases in tissues. In all cases, 
however, parallel investigations by biochemical 
assay of the types and activities of the esterases 
present in a tissue should be carried out to make 
possible a full assessment of the histochemical 
results. 

Since indoxyl esters and «-naphthyl acetate are 
hydrolysed in a similar manner, any difference in 
histochemical results obtained with these two types 


of substrate must be associated with the kinetics of 


the subsequent dye-forming reaction or with the 
properties of the dyes formed (Holt, 1956). 


SUMMARY 


1. The rates of hydrolysis of three indoxy] esters 


(and of «-naphthyl acetate) by the esterases of 


human red cells and plasma have been measured and 
compared with those of the corresponding phenyl 
and choline esters. 

2. All the substrates are hydrolysed by both 
aceto- and butyro-cholinesterase but the non- 
choline esters are also hydrolysed by an aliphatic 
and an aromatic esterase of red cells and an aro- 
matic esterase of plasma. The contribution of the 
cholinesterases towards the total hydrolysis of the 
indoxy]l esters is far greater than that of the other 
esterases. 

3. The indoxyl and «-naphthyl esters are hydro- 
lysed in a similar manner by the esterases, but only 
slowly, compared with phenyl esters, by the 
magnesium-sensitive aromatic esterase of plasma. 

4. The aromatic esterases of red cells and plasma 
are not identical. 


5. The relative rates of hydrolysis by the three 
esterases of red cells depend upon the substrate 
concentration employed. 

6. It is concluded that the use of either indoxyl 
esters or «-naphthyl acetate as substrates in histo- 
chemical staining procedures leads to the demon- 
stration of a mixture of esterases. 

This work was supported by a grant to the Middlesex 
Hospital Medical School from the British Empire Cancer 
Campaign. The author is indebted to Dr F. Hobbiger for 
valuable advice and assistance throughout this work, and to 
DrS. J. Holt for discussions on the histochemical significance 
of the results. 
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Observations on the Presence of Plasma Proteins in Skin and Tendon 


By J. H. HUMPHREY, A. NEUBERGER anp D. J. PERKINS* 
National Institute for Medical Research, Mill Hill, London, N.W.7 and Department of Chemical Pathology, 
St Mary’s Hospital Medical School, London, W. 2 


(Received 16 January 1957) 


It was reported in an earlier paper (Harkness, 
Marko, Muir & Neuberger, 1954) that a protein 
fraction from the skin of rabbits resembled closely 
serum proteins both in solubility and electrophoretic 
behaviour. These proteins were, however, not well 

* Present address: Department of Chemical Pathology, 
St George’s Hospital Medical Schoo], Hyde Park Corner, 
London, 8.W. 1. 


characterized and further work was considered 
desirable. Apart from the intrinsic interest which is 
attached to the proteins of connective tissue, it was 
hoped that a more detailed investigation of this 
fraction might have a bearing on the metabolism of 
plasma proteins. Studies by various authors, in 
which labelled amino acids or proteins were used, 


have produced fairly conclusive evidence that at 
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least half, but probably slightly more, of the total 
plasma protein present in the body is outside the 
circulation (e.g. Miller et al. 1949; Wasserman & 
Mayerson, 1951; Myant, 1952; Cohen, Holloway, 
Matthews & McFarlane, 1956). But there is little 
quantitative information as to where exactly in the 
body this extravascular plasma protein is, although 
the results of Yuile, Lucas, Jones, Chapin & Whipple 
(1953) indicate that relatively large amounts may 
be found in the skin. This is also indicated by the 
observations of Gitlin, Landing & Whipple (1953) 
who applied Coons’s fluorescent antibody technique 
to tissue sections. 

The purpose of the experiments to be described 
was as follows. In the first place it was desired to 
have an unequivocal identification of the proteins of 
this fraction. Secondly, we wished to get a reliable 
estimate of the quantity of the various proteins; and 
thirdly, we wanted to study the dynamics of the 
exchange of the plasma protein present in connective 
tissue with the plasma protein in the plasma. 
Finally, it was desired to extend the investigation to 
tissues other than rabbit skin. For preliminary 
communication see Humphrey, Neuberger & 
Perkins (1956). 


EXPERIMENTAL 


Animals 


Rabbits. The animals used were adults weighing 2-3- 
2-7 kg. and fed on diet no. 18 (Bruce & Parkes, 1946), with 
a supplement of cabbage and hay once a week. 

Rats. Adult Albino rats were used weighing approxi- 
mately 200 g. and were fed on the National Institute stock 
diet 


Experimental procedure with iodinated proteins 


Two or three days before the injection of iodinated 
proteins until death Nal (100 mg./l.) was added to the 
drinking water. 

Preparation of material for iodination. In each experiment 
the animal’s own serum was used for iodination. For 
experiments in which albumin was required, the serum was 
fractionated by the cold methanol procedure (Pillemer & 
Hutchinson, 1945). Serum (2 vol.) was diluted with 1 vol. of 
0-092M-sodium acetate buffer (pH 6-7), and treated with 
7 vol. of aqueous methanol (66%, v/v) pre-cooled to —5°. 
The serum and buffer were cooled to 0° before the addition of 
the methanol, and 30 min. after the addition the mixture was 
centrifuged to remove the precipitated globulins. The 
supernatant containing albumin was dialysed at 0° against 
two changes of 0-15mM-NaCl and five changes of distilled 
water to remove the methanol. The aqueous albumin 
solution was freeze-dried and stored in a tightly stoppered 
bottle in the dark. Albumin or plasma proteins were 
labelled with I according to the method of McFarlane 
(1956). 

Injection of labelled protein. The required dose (25-800 pc) 
of 1%1[-labelled albumin or plasma was injected into the 
marginal ear vein of the rabbit. The washings from the 
syringe, needle and vessel, which had contained a known 
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volume of solution, were collected and counted for 1*!I 
activity. The dose injected was thus determined by difference. 
Blood samples. Immediately before death a sample of 
blood was obtained. The serum or albumin for *I assay was 
prepared as described above. Under the conditions used for 
iodination approximately 90% of the protein-bound 311 is 
found in the albumin. The experiments with whole serum, 
therefore, largely reflect the behaviour of albumin. 


Equilibration experiments 

Each animal was injected intravenously with labelled or 
foreign proteins. After the time chosen for equilibration the 
animal was bled, killed and immediately skinned. The sub- 
cutaneous tissue was dissected free of the dermis and hair. 

Extraction. The skin and hair were weighed, cut into strips 
and tightly rolled. The rolls were buried in powdered solid 
CO, until frozen solid. They were then removed, finely 
sliced and minced with more CO,. The fine aged obtained 

yas extracted with 500 ml. of M/15 Na-K phosphate 
(pH 8-0) for 24 hr. at 4°. The liquid was separate d from the 
skin by filtration through a double thickness of muslin, 
followed by filtration through Green’s no. 5084 filter paper. 
The skin was further extracted with 500 ml. of buffer each 
day for 2 days. 

Albumin preparation. The phosphate extracts were made 
26% (w/v) with respect to anhydrous Na,SO, and kept at 
35° overnight. In the morning the globulin precipitate was 
removed by filtration and discarded. Samples of the filtrate 
were taken, in the appropriate experiments, for 11 counting 
and Kjeldahl N analysis. When the albumin was required for 
physical studies, the filtrate was dialysed against distilled 
water in the cold room until free of sulphate ions, as payee 
by the addition of 5 ml. of dialysate to 5 ml. of BaCl, (2%, 
w/v). The albumin solution was then freeze-drie d and 
stored. 

Radioactive counting techniques 

1317, Samples (3 ml.) of the active solutions, or appro- 
priate dilutions thereof, were counted in a well-type 
scintillation counter. 

Counting C in solids. The protein solution to be assayed 
was made 10% (w/v) with respect to trichloroacetic acid 
and boiled for 10 min. The precipitated protein was centri- 
fuged the following day. The supernatant was discarded and 
the precipitate was suspended in the following sequence of 
solvents: aqueous methanol (50%, v/v), absolute methanol 
and ether. Each time the precipitate was spun down and 
the supernatant was discarded. The last traces of ether were 
removed by leaving the sample in the hot room overnight. 
The dry sample was counted at infinite thickness, 1 cm.* 
planchets and an end-window Geiger tube being used. 

Counting 4C in gas. The dry sample was prepared as above 
for end-window counting of the solid. The method of gas 
counting was that of Bradley, Holloway & McFarlane (1954). 


Preparation of “C-labelled proteins 
for passive transfer 

Albumin. [C]Phenylalanine-labelled rabbit serum 
albumin was obtained by fractionation of labelled serum 
with 26% (w/v) Na,SO,. This preparation is described by 
Humphrey & McF thy (1954a). 

Antipneumococcus antibody. y-Globulins containing “C- 
labelled antibody were obtained by administration of 3 m« 
of Chlorella-protein hydrolysate to a hyperimmunized 
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rabbit (Dovey, Holloway, Piha, Humphrey & McFarlane, 
1954). The globulin contained 70% antibody specifically 
precipitable with type III pneumococcus polysaccharide. 
The specific radioactivity of the antibody was 17500 counts/ 
min./mg. of C as measured by gas counting. 


Preparation of other proteins 
Endogenously labelled albumin. [a-“C]Glycine (350 uc) 
was given intravenously to an adult rabbit. After 6 hr. the 
animal was bled from the ear and skinned in the usual way. 
Horse-serum albumin. This protein was obtained from 
fresh horse serum by the method of Adair & Robinson 
(1930). The crude albumin fraction was recrystallized twice. 


Immunological methods 


Anti-rat serum protein rabbit serum. An attempt was made 
to identify the serum proteins in skin and tendon extracts 
by serological methods. Rats were chosen, as it is easy to 
obtain in rabbits good antibodies to rat-serum proteins. The 
serum was separated and precipitated with alum (Linggood, 
1939). A 3-week intravenous course of the alum precipitate 
was given to two rabbits weighing 2-5 kg. each. After a 
further week the animals were bled and the sera obtained 
were tested for precipitins against the rat serum. Skin 
extracts for testing were prepared in the manner described 
for rabbits. 

Anti-rabbit serum albumin goat serum. A goat was given 
two subcutaneous injections of normal rabbit serum (total 
1 ml.) incorporated in Freund’s adjuvant mixture (Freund 
& McDermott, 1942). Six months later it received five 
intravenous injections of electrophoretically prepared 
rabbit albumin (total 25 mg.) in the course of 17 days, and 
blood was taken 7 days after the last injection. The resulting 
antibodies were largely against rabbit-serum albumin. 

Identification of rat-serum proteins in extracts from skin. 
The Oakley & Fulthorpe (1953) modification of Oudin’s 
agar diffusion technique for precipitin was used. A number 
of serial dilutions of the extract and of normal rat serum 
were layered over the antiserum. 


7 


Estimation of horse-serum albumin 


Horse-serum albumin was estimated by means of a rabbit 
antiserum prepared by intravenous injections of alum- 
precipitated horse-serum albumin (twice recrystallized). 
A calibration curve was prepared by mixing in small pointed 
tubes 0-2 ml. amounts of antiserum with graded quantities 
(0-280 yg.) of horse-serum albumin dissolved in normal 
rabbit serum, and making up to 1 ml. with 0-9% NaCl. The 
mixtures were left for 2 days at 2°, after which the precipi- 
tates were spun down, washed 3 times with 0-9 % NaCl at 0°, 
and dissolved in 4 ml. of 0-1n-NaOH. The values of E?%°,, 
were plotted against the quantity of horse-serum albumin 
added. By this means amounts of horse-serum albumin from 
20 to 140g. were estimated with not more than 10% 
variation between duplicates. 

The skin extracts, after concentration by pressure 
dialysis, were tested by adding varying amounts to 0-2 ml. 
of antiserum as above, and estimating the horse-serum 
albumin present from the calibration curve. By always 
testing more than one amount of any sample it was possible 
to make sure that the quantities of horse-serum albumin 
were not such as to bring about antigen excess (in which the 
amount of precipitate diminishes with increasing antigen). 


Values for the horse-albumin contents of the skin extracts 
were, however, less reproducible than those obtained when 
the horse albumin was dissolved in rabbit serum. 


Preparation of ox-tendon extracts 
The achilles tendon of an ox was collected from the 
slaughter house 2 hr. after the death of the animal and placed 
in solid CO,. The tendon was dissected from adhering meat 
and sliced. The slices were mixed with powdered solid CO, 
and minced to a coarse powder. The CO, was allowed to 
evaporate from the powder before extractions in the cold 

with m/15 Na-K phosphate (pH 8-0) were begun. 


Electrophoresis 
Moving-boundary electrophoresis. Protein solutions 
(approx. 1 %) containing serum or extracts of skin or tendon 
were dialysed for 3 days against (J =0-2, pH 8-6) veronal 
buffer (Miller & Golder, 1950). The dialysed solutions were 
placed in a Perkin-Elmer electrophoresis apparatus and 
allowed to migrate for up to 4hr. at 85v and 17 ma. 
Schlieren diagrams were obtained and photographed. 
Paper electrophoresis. For control purposes horizontal 
paper electrophoresis, according to the method of Franglen 
(1953), was used. The buffer used was 0-05 m-Na-K phosphate 
(pH 8-0) for both 15 hr. runs at 2-5v/em. and 7 hr. runs at 
5v/em. on no. 1 Whatman filter paper. 


RESULTS 
Equilibration between the circulating plasma protein 
and the plasma protein in skin and tendon 


Intravenous injection of iodine-labelled plasma 
proteins into rabbits produced a fairly high radio- 
activity in the proteins of the soluble fraction of the 
skin. When the radioactivity was related to the 
nitrogen contents of the extracts and of plasma, it 
was found that 4 days after injection the specific 
activity of the soluble skin proteins was 25 % of that 
of plasma, whereas after 8 days this value increased 
to 50% (Table 1). In the second series of experi- 
ments [!*!. albumin was injected and the albumin 
fraction prepared from the skin extracts. This was 
done, since albumin is more easily isolated in a 
purified form from skin extracts than are the 
globulins. A number of experiments were performed 
in which the interval between the injection and 
killing of the animal was varied between 6 hr. and 
20 days. The results obtained (Table 2) show that 
there are wide variations between animals, but it is 
clear from the values of the apparent plasma volume 
per 100 g. of skin that it is at least 6 days before the 
ratio of activity of the serum albumin in the skin to 
that of the albumin in the plasma reaches a maxi- 


mum. 

The first phosphate extract from skin was always 
slightly coloured. Attempts were made to measure 
the extent of contamination of these extracts by 
blood, by the use of two different methods in the 
same rabbit. Homologous serum albumin con- 
taining llc of “I was injected into a rabbit 
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Table 1. Relative activities of the *1I-labelled proteins in the skin extracts and in the circulating plasma 
4 and 10 days after intravenous injection of labelled plasma proteins into two different rabbits 


Duration 1317 counts/min./ 
(days) Sample 3 ml. sample 
4 Serum 46 500 

Extract 1 2 724 
Extract 2 1 589 
Extract 3 5 820 
10 Serum 92 770 
Extract 1 4 250 
Extract 2 2410 
Extract 3 1 540 
Extract 4 1105 
Extract 5 1 220 


Table 2. 


Counts/min./ % of plasma 
N (mg./ml.) mg. of N activity 
11-4 4080 100 
2-94 927 23 
1-53 1040 25 
3-96 1320 32 
11-3 8210 100 
1-17 3640 44 
0-62 3900 47 
0-39 3920 47 
0-27 4090 50 
0-30 4000 48 


Effect of variation of the time interval between injection of labelled albumin and 


killing of the animal on the radioactivity of the skin proteins 


[4311]Albumin was used. The results are expressed in millilitres of serum, i.e. it is arbitrarily assumed that the skin 
serum albumin and circulating serum albumin have the same specific radioactivity. 


Wet wt. Serum found _ Vol. of serum/ 
Expt. Duration of skin in skin 100 g. of skin 
no. (days) (g.) (ml.) (ml.) 
19 0-25 150 4-1 2-7 
20 2 148 12-0 8-1 
24 2 148 7:3 4-9 
25 2 156 7-0 4-4 
23 3 162 10-0 6-2 
14 4 192 10-0 5-2 
21 4 155 10-4 6-7 
11 6 202 23-0 11-4 
15 8 150 19-1 12-7 
12 12 185 16-0 8-7 
16 16 220 25-5 11-6 
13 20 172 20-4 11-9 


Table 3. Estimation of blood and intravascular serum 
present in rabbit skin, dissected 20 min. after 
intravenous administration of 11-labelled albumin 


The weight of the skin was 180 g. — indicates negligible. 
Method of estimation 


a maaan 
131] labelled Cyanhaematin 


serum blood 

(ml.) (ml.) 

Extract 1 1-0 0-9 
Extract 2 0-7 0-4 
Extract 3 0-5 — 
Extract 4 0 — 
Total 2-2 1-3 


(=0-7 ml. of serum) 


weighing 2-5kg. After 14min. the animal was 
killed and skinned as described. The skin was 
extracted and the y-radiation of each extract was 
measured and compared with that of the plasma. 
The haemoglobin content of each extract was also 
estimated by the cyanhaematin method (King, 
Gilchrist & Delory, 1944). The results (Table 3) show 
that the values obtained for the blood content of the 
skin by the isotope method are about three times 


higher than those found by the haemoglobin 
measurement. The latter is very insensitive with 
such dilute solutions. The isotopic albumin method, 
on the other hand, is more accurate, but it measures 
not only the intravascular albumin but also the 
albumin which had already diffused into the extra- 
vascular compartment between the time of injection 
and the arrest of circulation. It is likely therefore 
that the real value of the intravascular-serum 
content lies somewhere between the figures calcu- 
lated from the two experiments, and may be 
between 0-5 and 0-8 ml./100 g. of skin. This is small 
compared with the amounts of labelled protein 
found later in the skin (Tables 1 and 2). 

It was considered desirable to compare results 
obtained by iodine labelling with those found by 
earbon labelling. A mixture of [!Ijalbumin and 
[14C]albumin was injected and the animal was killed 
after 8 days. The agreement between the values 
found with the two types of label was satisfactory 
(Table 4). 

Further information about exchange of proteins 
between plasma and skin was obtained by injecting 
131] -labelled 


. \ . . . 
pneumococcus antibodies and using immunological 


horse-serum albumin and “C- or 
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Table 4. Comparison of the ‘apparent’ plasma volume of rabbit skins, after intravenous injection of homologous 
and heterologous serum proteins, at varying times after injection 


‘Apparent’ plasma volume is defined in Table 2. The methods used for measuring the amounts of horse-serum albumin 
and of the antibodies are described in the text. The values for horse-serum albumin indicate only the order of magnitude. 
Those for C-labelled antibody are only minimum values. — indicates ‘not measured’. 


Duration Horse-serum 
(days) albumin 

2 (7-0) 
2 (5-2) 
2 (13-0) 
2 (11-2) 
3 (16-0) 
4 (9-0) 
4 (2-1) 
8 as 

16 - 





methods for semi-quantitative measurement of 
these proteins in the skin. The amount of transfused 
4C-labelled antibody present was insufficient for 
assay by conventional techniques, but could be 
estimated by specific precipitation in the presence of 
known amounts of carrier antibody, followed by 
measurements of the specific radioactivity of the 
mixture (Humphrey & McFarlane, 19546). The 
volumes of the skin extracts were so large that the 
recovery of antigen-antibody precipitates would 
have been very difficult; moreover, in some experi- 
ments we were interested in obtaining albumin and 
globulin separately. For these reasons the globulin 
fraction from the skin extracts was first precipitated 
by addition of 18 % (w/v) Na,SO,. The precipitate 
which formed overnight was collected, dissolved in 
buffer and dialysed before assay of its antibody 
content. By this procedure some loss of y-globulin 
inevitably occurred, and our antibody recoveries 
(Table 4) must therefore be regarded as giving 
minimum values only. The agreement between the 
values found in these experiments with those calcu- 
lated from the I figures is not very good. 


Preparation of albumin from serum and skin 

The low relative specific activity of the albumin 
extracted from skin, even after some 20 days of 
equilibration, can be explained by the presence in 
the skin of an albumin closely resembling, but not 
identical with serum albumin. To test this possi- 
bility a rabbit (Expt. no. 19) was given by vein 
350 wc of [x-MC]glycine and 30yuc of }1I-labelled 
albumin. After 6 hr. the animal was killed and 
skinned. The “C and I activities of the albumin 
fractions obtained from the skin and blood were 


measured. 

Serum. Electrophoresis at pH 8-4 in a column of 
treated cellulose (Porath, 1956) was carried out on 
2 ml. of serum. A current of 22 ma was passed for 


Protein injected 





131]. Labelled 140. Labelled 











albumin albumin MC. Labelled 
(ml. of serum found in skin) antibody 
15-8 ~ ~ 
12-0 a “= 
78 = = 
7-0 - ~ 
10-0 ~ ~ 
10-0 - 8-5 
10-4 — - 
19-1 16-3 6-6 
25:3 - 10-5 
Fig. 1. Elution diagram of rabbit serum after electro- 


phoresis for 33 hr. in a treated cellulose column. The 
albumin fraction selected is indicated. 


33 hr. The column was then eluted and the main 
fraction (Fig. 1) was concentrated by pressure 
dialysis and freeze-dried. Paper electrophoresis 
showed only albumin to be present. The “C specific 
activity as measured by gas counting was 1970 
counts/min./mg. of C. 

Skin. The first phosphate extract was treated with 
26 % (w/v) sodium sulphate, filtered, dialysed in the 
cold against distilled water and freeze-dried. The 
dry material was redissolved in water and some in- 
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soluble material was removed in the centrifuge. The 
supernatant was concentrated by pressure dialysis 
against water to a small volume (2 ml.). This 
material was run on the Porath column for 35-5 hr. at 
22 ma. Fractions were eluted and taken as shown in 
Fig. 2. Fraction 1 (23 mg.) had a specific activity of 
414 counts/min./mg. of C. Fraction 2 (7 mg.) had 
a specific activity of 597 counts/min./mg. of C, and 
fraction 3 (2 mg.) had specific activity of 957 counts/ 
min./mg. of C. The weights do not represent true 
proportions of the different substitutents present, 
as substantial losses occurred on the column, and in 
the subsequent pressure dialysis. 


Serological examination of fraction 1 from skin extract 


The goat antiserum against rabbit albumin which 
was used had been shown by the agar diffusion 
technique to contain one major antibody against 
rabbit albumin and two minor antibodies against 
globulins. The antiserum was absorbed with a crude 
rabbit globulin fraction until no further material 
precipitated. The serum after this treatment con- 
tained 1:8mg. of specific antibody/ml. against 
rabbit albumin. 

Precipitin reactions. Both serum-albumin pre- 
parations and the fraction 1 from the skin extract 
were tested with 1 ml. of antiserum. The skin extract 
precipitated antibody (see Fig. 3), but its precipitat- 
ing power was only 87% of that of the serum 
albumin. One mg. of fraction 2 was added to 5 ml. of 
antiserum. After 2 days there was no precipitate, 
although 1mg. of fraction 1 had precipitated 
8-3 mg. (dry wt.) of antibody by this time. After a 
further 4 days at 0° fraction 2 gave a 5 mg. (dry wt.) 
of precipitate. To the supernatant was added 
0-8 mg. of pure rabbit albumin which gave during 
the next day a precipitate weighing 5-4 mg. 
Fraction 2 was not immunologically equivalent to 
fraction 1, but contained some material capable of 
reacting with anti-rabbit albumin, as well as 
material capable of reacting with another antibody 
present. The mean value of the specific radioactivity 
of the serum albumin was 2150 counts/min./mg. of 
C, while that of the skin albumin was 414 counts/ 
min./mg. of C; thus after 6 hr. the skin albumin had 
reached 19 % of the radioactivity of the circulating 
albumin. The comparable activity of the '1I- 
labelled albumin from skin was 20% of that in the 
serum. 

Characterization of albumin 


Some physical properties of albumin prepared 
from the skin and serum of one rabbit were measured. 
The results of the ultraviolet absorption and optical 
rotation measurements are shown in Table 5. In 
3M-aqueous guanidine hydrochloride solution rabbit 
albumin denatured instantaneously, as shown by 
the immediate change in optical rotation. Good 
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Fig. 2. Elution diagram of ‘albumin’ fraction of rabbit skin 
extract after electrophoresis for 35-5 hr. in a treated 
cellulose column. The three fractions examined are 
indicated. 
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Fig. 3. Precipitation curve for rabbit-serum albumin and 
goat antiserum. O, Rabbit-serum albumin; @, skin- 
extract albumin (fraction 1). 


Table 5. of 
rabbit albumin prepared from serum and skin 
extracts 


Comparison of the physical properties ¢ 


2 


Serum Skin 
Optical rotation [«]p 


(a) in M/15 phosphate (pH 8-0) = —52-3° — 52-3 
(6) in 3M-guanidine-HCl —84-1° — 83-9 


Ultraviolet absorption (Z}%,) 


(a) 290 mp in 0-1N-NaOH | 0-228 0-229 
(b) 276 mp in 0-1N-HC 0-176 0-185 
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Table 6. Comparison of the specific radioactivities of the soluble proteins of tendon 
and skin of a rabbit after administration of [!81T]albumin 


Counts/ N Counts/min./ Total counts % of 

Material min./ml. (mg./ml.) mg. of N in extract serum 
Serum at death 46 500 11-4 4080 ence 100 
Tendon, extract 1 899 0-77 1170 13 490 27 
Tendon, extract 2 269 0-18 1490 1 690 36 
Tendon, extract 3 89 0-055 1650 1 240 40 
Warm NaOH extract 62 8-88 peal = A. 
Skin, extract 2 530 0-51 1039 es 25 


agreement was obtained for the optical rotation of 
both specimens in both the denatured and native 
states. The ultraviolet absorption spectra in 
alkaline solutions were identical for both specimens. 
In acid solution the spectra were identical in the 
range 280-300 my, but the skin albumin showed no 
maximal absorption at 276 my as did the serum 
albumin. The increase of absorption in the range 
280-250 my for skin albumin was ascribed to the 
presence of a small quantity of material of cellular 
origin. Paper electrophoresis showed the albumins 
from the two sources to have identical mobilities. 
The immunological identity of the two albumins has 
already been described. 

Tendon. An initial experiment was tried on ox 
achilles tendon (143 g. wet wt.). The minced tendon 
was extracted with phosphate buffer and 0-35 g. of 
a fluffy freeze-dried protein was obtained. Moving- 
boundary electrophoresis showed the presence of 
albumin and y-globulin, but the pigmentation made 
it difficult to detect other components. The agar 
precipitin technique with a rabbit anti-ox serum 
showed the presence of all the main serum proteins. 
The low yield of protein from tendon may reflect 
the difficulty of maceration and of quantitative 
extraction. 

In order to assess the rate of equilibration of the 
tendon plasma proteins with the circulating proteins 
one experiment was performed with 1I-labelled 
plasma in a rabbit. The skin and tendon were 
extracted in the usual way with phosphate buffer 
(pH 8). The results obtained are shown in Table 6. 
The specific activities of the extracts are similar for 
both tendon and skin. The efficiency of extraction is 
shown by the extremely low count obtained for the 
complete solution of the remaining tendon in warm 
sodium hydroxide. The wet weight of the skin of this 
rabbit was 300 g., yielding 4-9 g. of soluble proteins 
resembling plasma proteins. Tendon (5 g.) was 
removed, yielding 0-1 g. of proteins resembling 
plasma protein. 

A similar experiment was made with rats. The 
skin extracts were tested immunologically against 
anti-rat serum protein serum as described in the 
Experimental Section. After one week at 4° there 
were four major rings of precipitation in the 


Table 7. Plasma-albumin content of rabbit tissues 
3 days after the intravenous injection of ™1I- 
labelled albumin 


The results refer to the whole animal, which weighed 
2-45 kg. ‘Apparent’ plasma volume is defined in Table 2. 


‘Apparent’ 
plasma vol. 


Tissue (ml.) 
Phosphate-saline extract of subcutaneous >1-7 
» connective tissue (material A) 
Phosphate-saline extracts of remaining >i 
animal connective tissue and fat 
(material B) 
Phosphate extracts of skin 10 


clear agar layer. The pattern of rings produced 
by the extracts and by the whole serum were 
indistinguishable. 


Distribution of serum proteins in 
tissues other than skin 


A more extensive dissection was done in Expt. 23 
in an attempt to obtain some quantitative data on 
the distribution of plasma proteins. The injected 
labelled proteins were allowed 3 days in which to 
equilibrate with the extravascular plasma pools. 
The animal was skinned as described. The sub- 
cutaneous material (A), usually scraped off the skin 
and discarded, was preserved. The fascia, fat, sub- 
cutaneous tissue (inseparable from the platysma 
and latissimus dorsi muscles) (B) from half the 
animal was carefully dissected out. The two samples 
were weighed and homogenized. The homogenates 
were extracted twice with phosphate buffer pH 7:4. 
The residual material was dissolved in hot 0-1N- 
NaOH. The extracts and dissolved residues were 
counted in the scintillation counter. The results 
are shown in Table 7. Owing to unavoidable 
mechanical losses in dissection the figures given 
are minimum values. It can be seen that the 
subcutaneous connective tissue and fat other 
than that of skin contain significant quantities of 
albumin. 
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DISCUSSION 
Nature of the soluble proteins in skin and tendon 


The bulk of the proteins extracted from skin by a 
neutral or slightly alkaline buffer closely resemble 
plasma proteins. Thus, the electrophoretic pattern 
shown by this fraction (Harkness et al. 1954) is 
very similar to that obtained with plasma from 
the same rabbit. Similar findings are now reported 
for tendon. The close resemblance in electrophoretic 
behaviour between the soluble proteins of skin 
and plasma proteins of the rat has also recently 
been observed by Boas (1955). However, in many 
of our experiments the electrophoretic diagrams 
of the skin extracts revealed the presence of 
significant amounts of proteins other than plasma 
proteins. Immunological experiments also show 
that all the main groups of plasma proteins are 
present in skin and tendon. Boas (1955) deduced 
from his electrophoretic diagrams that connective 
tissue contained relatively more albumin and less B- 
and y-globulins than plasma. 

In the case of albumin the identification of the 
material obtained from skin with circulating serum 
albumin is fairly conclusive. The two proteins show 
almost identical absorption spectra in acid and 
alkaline solution; their optical rotations in the 
native state and after denaturation with guanidine 
are the same and they are both instantly denatured 
by guanidine. The very high radioactivities of skin 
extracts after administration of 1I-labelled albumin 
are further strong evidence. The experiments with 
horse-serum albumin and with the labelled anti- 
bodies have no quantitative significance, but they 
strongly support the conclusion that both albumins 
and globulins can penetrate into the skin in large 
amounts. The quantitative analysis with anti- 
rabbit serum-albumin antiserum of the fraction 
obtained by column electrophoresis clearly indi- 
cates that a large part of the skin albumin was 
serologically indistinguishable from serum albumin. 
There can thus be no doubt that large quantities of 
all serum proteins are present in skin. The results 
reported in Table 3 clearly show that these proteins 
are not derived from the blood left in the skin 
samples. 

But it must also be concluded that the phosphate- 
soluble fraction of skin contains proteins other than 
plasma proteins. This is clearly shown by the 
analysis of the albumin fraction by column electro- 
phoresis and the serological investigations of the 
fractions thus obtained. The fact that the specific 
radioactivity of the skin albumin fraction (calcu- 
lated on a nitrogen basis) never exceeds 60 % of that 
of the circulating albumin is further evidence for 
this conclusion. It was found that the glycine 
isolated from a hydrolysate of the soluble skin 
protein fraction 7—8hr. after administration of 
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[a-4C]glycine had a similar radioactivity to the 
glycine obtained from the circulating plasma 
proteins (Harkness e¢ al. 1954). In the present work 
it was observed that 6 hr. after injection of labelled 
glycine the immunologically characterized serum 
albumin from skin had only 20 % of the activity of 
the circulating albumin, whereas other albumin 
fractions from skin had much higher radioactivities. 
This suggests that the proteins which resemble 
serum albumin in their general properties, but 
differ from it serologically, and which have a higher 
radioactivity within 6 or 8 hr. after injection of 
[a-!4C]glycine, are probably made in the skin. But 
they may be, at least partly, «- or B-globulins. We 
have no evidence whether they are intra- or extra- 
cellular in the living animal. 


Rate of exchange of albumin between plasma and skin 


The data presented in Tables 1 and 2 and elise- 
where in this paper indicate that, although there are 
some variations between animals, the specific 
activity of the skin albumin is about 20% of its 
maximum value relative to that of circulating 
albumin, in 6 hr., 50 % in about 3 days and 100 % in 
6-8 days. But it is not easy to calculate from such 
figures the rate of replacement of skin albumin by 
circulating serum albumin. The specific radioactivity 
of the latter is steadily decreasing in a rather 
complicated manner owing to the simultaneous 
operation of mixing and catabolic processes. There 
is thus no equilibrium point or equilibration period 
in the sense that the specific activities of the two 
albumins will remain identical, once they have 
become equal. The mathematical problems in- 
volved have been discussed by Solomon (1953), 
Henriques, Henriques & Neuberger (1955) and 
Campbell, Cuthbertson, Matthews & McFarlane 
(1956). It can be predicted, however, that, provided 
that serum albumin is neither formed nor broken 
down in the skin, the specific activity of the skin 
serum albumin will exceed that of the intravascular 
albumin, after the activity of the former has 
reached its maximum. By applying equations 
given by the authors above to the scanty data 
available, it can be calculated that the total skin 
serum albumin is replaced by intravascular 
albumin in about 40 hr.; in other words, its replace- 
ment rate/day is about 60%. In view of the nature 
of the data this must be considered a very crude 
approximation. 


Amounts of plasma protein present in rabbit skin 


It was found in this and earlier work that re- 
peated extraction of rabbit skin with phosphate 
yields about 1-6—1-7 g. of soluble proteins/100 g. 
of skin. But, although a substantial part of 
this fraction is plasma protein, the exact propor- 
tion cannot be accurately assessed. Quantitative 
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serological data were obtained with one fraction 
of albumin obtained by column electrophoresis, but 
owing to mechanical losses we do not know exactly 
what proportion of the total albumin this fraction 
represented. It is likely, however, that about 50% 
of the albumin behaves immunologically as serum 
albumin. A similar rough estimate may be obtained 
from the results of Table 1. Since the maximum 
activity of the skin albumin occurs earlier than the 
eighth day, the specific radioactivity of the skin 
serum albumin after 8 days must be somewhat 
higher than that of the intravascular albumin, as 
discussed above. As the specific activity found was 
50 % of that of the intravascular albumin, it follows 
that somewhat less than 50% of the total skin 
albumin was serum albumin. From the equations 
given by Henriques et al. (1955), and the data dis- 
cussed above, a value of about 40-45% for the 
content of serum is obtained. Assuming that the 
globulin fraction also consists of 40% plasma 
globulin, it follows that the amount of plasma pro- 
tein in skin amounts to approx. 0-7 g./100 g. of skin. 
Assuming that the plasma protein in skin is extra- 
cellular and that 60—70 % of the skin water is out- 
side the cells (Manery & Hastings, 1939), it follows 
that the plasma-protein content of the extracellular 
water is approximately 1-0-1:-5%. This value is 
similar to that found for the protein content of 
lymph other than liver and intestinal lymph (see 
Yoffey & Courtice, 1956). This is not surprising 
since it is believed that the lymph resembles in its 
protein composition that of the extracellular spaces 
which it drains. 

Ina preliminary communication Gitlin, Nakasato 
& Richardson (1955) reported that they obtained 
evidence that the myoalbumin of muscle is identical 
with serum albumin. These authors also found that 
the plasma-protein content of the extracellular 
space of muscle is 20-25% of that plasma. This 
value is similar to that calculated by us for skin. 

A rabbit weighing 3 kg. has a plasma volume of 
about 100 ml. and a total circulating plasma-protein 
content of 7-0-7-5 g. Assuming its skin to weigh 
about 300 g. the amount of plasma protein in the 
skin is approx. 2g. This means that the skin 
contains plasma protein in amounts equivalent to 
25-30 % of that present in the circulating plasma. 


The plasma protein of skin, though less than that of 


muscle, represents a significant fraction of the total 
extravascular plasma protein of the body. 
The plasma-protein content of tendon appears to 


vary and to be smaller than that of skin. The work of 


Gitlin et al. (1955) indicates that a large part of the 
extravascular plasma protein is found in muscle. 
But skin has a higher concentration of plasma 
protein than muscle and accommodates a relatively 
large proportion of the total plasma protein of the 
body. 


J. H. HUMPHREY, A. NEUBERGER AND D. J. PERKINS 
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SUMMARY 


1. The presence of plasma proteins in extracts of 
skin of rat and rabbit and in extracts of tendon of 
rat, rabbit and ox was demonstrated by electro- 
phoresis and immunological methods. 

2. Plasma proteins and serum albumin labelled 
with ™!I were injected into rabbits. Radioactivities 
of skin extracts or of the albumin fractions of skin 
were measured at different times after injection and 
compared with those of corresponding specimens 
obtained from blood. Similar experiments were also 
carried out with “C-labelled albumin, C-labelled 
antibody and horse-serum albumin. 

3. The crude rabbit skin was 
shown to resemble circulating serum albumin in its 


albumin from 
electrophoretic behaviour, its ultraviolet spectrum 
in acid and alkaline solution, its optical rotation, 
and its instantaneous denaturation with guanidine. 

4. Further partition of this fraction by electro- 
phoresis on treated cellulose columns yielded a 
major fraction which appeared to be identical with 
serum albumin as judged by its immunological 
behaviour. But the crude albumin contained at 
least two other proteins resembling serum albumin 
but not identical with it. 

5. It is concluded that both tendon and skin 
contain significant quantities of serum proteins in 
addition to those present within the blood vessels. 
The amount present in rabbit skin is approx. 
0-7 g./100 g. of skin, which is equivalent to 25-30% 
of that found in circulating plasma. 

6. Appreciable variations between animals and 
other uncertainties have made it impossible to 
calculate accurately the rate of exchange between 
skin albumin and circulating albumin. However, 
the data suggest that about 60% of the skin 
albumin is replaced every day by circulating serum 
albumin. 


The authors wish to thank Dr A. S. McFarlane and 
Mr R. C. Holloway for the preparation of 1I-labelled 
proteins and Mr D. Hart for help with freeze-drying. 
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The Heterogeneity of Bovine 6-lactoglobulin 


By A. 


G. OGSTON anp M. 


P. TOMBS 


Department of Biochemistry, University of Oxford 


(Received 4 February 1957) 


Ogston & Tilley (1955) reviewed previous work on 
the heterogeneity of bovine f-lactoglobulins. A 
number of workers had concluded, on the evidence 
of electrophoresis, solubility and immunological 
that hetero- 
geneous. Partial fractionation has been reported by 
Polis, Schmukler, Custer & McMeekin (1950), by 
Smithies (1954) and by Préaux, Hulsmans & Lontie 
(1954). 

The meaning of much of this work has been made 


measurements, B-lactoglobulin is 


questionable by the discovery by Aschaffenburg & 
Drewry (1955) that one or both of two distinct B- 
lactoglobulins may occur in the milk of individual 
cows, their occurrence being determined genetically. 
It now appears likely that in all the work done with 
B-lactoglobulin prepared from pooled milk both 
B-lactoglobulins were present, and that the re- 
ported fractionations may have been of the two 
from each other. Only Ogston & Tilley (1955), of 
previous workers, are known to have worked on 
material prepared from the milk of single cows; they 
distinguished ‘normal’ and ‘abnormal’ types of 
B-lactoglobulin by the effect of the concentration of 
the protein on the electrophoretic pattern. 

We describe here measurements made on samples 
of the two B-lactoglobulins, prepared from the milk 
of single cows, and on mixtures of the two; our 
object was to find how far previous observations on 
heterogeneity can be explained by the properties of 
these two proteins. 


EXPERIMENTAL 


Nomenclature. The nomenclature of Aschaffenburg & 
Drewry (1955) is used here: the protein migrating faster by 
paper electrophoresis at pH 8-6 is called f,-lactoglobulin, 
and the slower f,-lactoglobulin. Polis et al. (1950) used the 
terms f,- and f,-lactoglobulin for subfractions which appear 
to bear no simple relationship to the fractions as defined by 
Aschaffenburg & Drewry. 

Typing of cows. Samples of milk from identified cows 
of the herd of the University of Oxford Department of 
Agriculture were typed by a slight modification of the 
method of Aschaffenburg (personal communication). Whole 
milk warmed to 40° was treated with anhydrous Na,SO, 
(20 g./100 ml.); after being cooled to 25° it was filtered. The 
filtrate contained only the whey proteins; these were pre- 
cipitated with (NH,),SO, (20 g./100 ml. of filtrate) and 
filtered with the aid of Hyflo Supercel (Johns-Manville Co. 
Ltd., Artillery Row, London, 8.W. 1). The mixture of pre- 
cipitated proteins and Supercel, with a little water to make 
it fluid, was dialysed against water for 24 hr. The Supercel 
was then removed by filtration. The type or types of f- 
lactoglobulin in the filtrate were then found by paper 
electrophoresis at pH 8-6. 

Preparation of lactoglobulins. Milk was obtained in 51. 
batches from individual cows. Each batch was received 
within 24 hr. of milking and was processed at once. {,- and 
B.-Lactoglobulins were prepared from milk identified as 
containing only f,- or B,-lactoglobulin by a slight modifica- 
tion of the method of Aschaffenburg & Drewry (1957); the 
final, concentrated, solution of lactoglobulin was dialysed 
first against acetate buffer, pH 5-2 (0-12 m-sodium acetate; 
0-04M-acetic acid) and then against three 21. batches of 
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glass-distilled water, saturated with toluene. Crystalliza- 
tion, or separation of oil, took place in 2-5 days. Prepara- 
tions of £,-lactoglobulin were seeded with orthorhombic 
crystals from a previous preparation. The yields obtained 
at the first crystallization were 3-4 g./5 1. of milk. 

Concentration. Concentrations (g./100 ml. of solution) 
were determined refractometrically (Cecil & Ogston, 
1951); the value 1-80 x10-* was taken for the specific 
refractive increment in the buffers used (Ogston & Tilley, 
1955). 

Ultraviolet absorption. This was measured in 1 cm. 
matched cells in a Hilger Uvispek spectrophotometer. 

U-tube electrophoresis. A Hilger Tiselius apparatus was 
used under approximately the same conditions as those used 
by Ogston & Tilley (1955). Measurements were made in 
Ogston & Tilley’s acetate buffer (pH 4-66, J 0-1). The 
3-5 mi. cell was most often used with a current of 10 ma 
at about 400v and a bath temperature of 1°. The pro- 
portions of the fast and slow components in the descending 
boundaries were determined as described by Ogston & 
Tilley (1955). 

Paper electrophoresis. This was measured in an apparatus 
similar to that described by Flynn & De Mayo (1951). 
Solutions were applied with a paint brush in a band 2 cm. 
wide, either at the apex or (for longer runs) half way between 
the apex and the cathode buffer, to strips of Whatman no. 4 
chromatography paper, 4cm.x35cem. The current was 
usually 10 ma/4 em. width of paper at 500v, applied for 
10-15 hr. The strips were stained with bromophenol blue 
[1% (w/v) in 90% (v/v) ethanol containing 10 g. of HgCl,/ 
100 ml.] for 10 min. and then washed with 2% (v/v) acetic 
acid and tap water until the background was clear. Most 
runs were done in veronal buffer, pH 8-6, J 0-05 (10-3 g. of 
sodium diethylbarbiturate and 1-84 g. of diethylbarbituric 
acid/].); some were done in acetate buffer (pH 4-6, J 0-05) or 
in acetate—HCl buffer, pH 3, J 0-05. 

Sedimentation. This was observed in a Svedberg oil- 
turbine ultracentrifuge at 900 rev./sec. at approximately 
26°. The optical system of Baldwin (1953) was used. 
Solutions were approximately 1% in buffer, pH 5-14 (Cecil 
& Ogston, 1948). The sedimentation coefficients were 
measured by the method of Cecil & Ogston (1948). The areas 
of the boundary schlieren curves were measured by trape- 
zoidal integration from a base line determined in a separate 
run (Baldwin, 1957). 

pH measurements. These were made at room temperature 
(18°) with a Cambridge glass electrode and valve voltmeter 
calibrated against potassium hydrogen phthalate, pH 4-00. 
AnalaR reagents were used for all solutions. 

Titration curves. Samples (2 ml.) of protein dissolved in 
M-KCl were titrated with 0-103N-HCl or 0-111N-NaOH 
(CO,-free) by using a microburette made from a Conway 
tube. The pH was found as described. After each titration 
the pH meter was restandardized against phthalate 
(pH 4-00) and if any drift had occurred the results were 
discarded. The titration vessel could be sealed or rotated but 
not both. For acid titration mixing was by rotation, for 
alkali titration the vessel was sealed and mixing was 
achieved by bubbling CO,-free nitrogen. Frothing was 
suppressed by a drop of octanol. The reference electrode 
was Ag/AgCl in saturated KCl, with a 0-1m-NH,NO, bridge. 
The pH readings over the whole range were steady for 
10 min. The initial pH of the solutions varied between 
5-2 and 5-3. 
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RESULTS 


Of the six cows typed, one produced only £,-, one 
produced only £,- and four produced both £,- and 
Be-lactoglobulin. 

Attempted separation of B,- and B,-lactoglobulins by 
recrystallization. Mixtures were made up in 0-1M- 
NaCl containing (i) 4:6 g. of total protein/100 ml. 
(11% B,, 89 % Bz); (ii) 3-8 g. of total protein/100 ml. 
(27% B,, 73% Be); (iii) 2-9 g. of total protein/ 
100 ml. (52 % B,, 48 % B,). They were recrystallized 
by dialysis against glass-distilled water for 24 hr. 
Crystallization was not quite complete under these 
conditions. Crystals were then spun out and re- 
dissolved in 0-1mM-NaCl. Each was recrystallized 
four times. Solutions of the crystals, and the super- 
natant solutions, were examined by paper electro- 
phoresis at pH 8-6 to determine the relative pro- 
portions of f,- and f,-lactoglobulins. For this 
purpose, scanning of the stained strips with a 
densitometer proved unsatisfactory, because of 
incomplete resolution of the B-lactoglobulins on the 
paper. It was found, however, that the proportions 
in an unknown sample could be estimated with fair 
accuracy by visual comparison of the stained strips 
with those obtained by electrophoresis of known 
mixtures. 

The supernatants from the first recrystallizations 
of (i) and (ii) contained almost exclusively 8.,- 
lactoglobulin. The second recrystallization of the 
crystals from (i) again gave a supernatant containing 
almost exclusively £,-lactoglobulin: the second 
recrystallization of the crystals from (ii) gave a 
supernatant containing both f,- and f,-, but an 
excess of £,-lactoglobulin as compared with the 
crystals. Recrystallization of (iii) and subsequent 
recrystallizations of (i) and (ii) gave no further 
changes of composition. It appears, therefore, that 
recrystallization under those conditions can reduce 
the proportion of f,-lactoglobulin to about 50%, if 
it is initially higher, but will not reduce it further. 

Sedimentation. The boundary schlieren curves 
were symmetrical; plots of (area/height)? against 
time were strictly linear, the slopes being: ,, 
4:10x 10; B,, 3°84x10-. Baldwin (1957) has 
shown that heterogeneity of sedimentation rate 
causes curvature of this plot; in the absence of 
curvature the slope is determined largely by the 
diffusion coefficient. Both lactoglobulins had the 
same sedimentation coefficient 2-77 x 10} sec. at 
1 g./100 ml. 

U-tube electrophoresis. B,- and B,-Lactoglobulins, 
and mixtures of them, were investigated. All 
showed boundaries of the general character of those 
observed by Ogston & Tilley (1955); the descending 
boundaries were broad, showing partial resolution 
into two or more components, and the ascending 
boundaries had very sharp advancing fronts and 
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appeared to be self-sharpening. Typical tracings are 
shown in Fig. 1. The boundaries obtained with 
B,-lactoglobulin closely resembled those observed 
by Ogston & Tilley with their ‘normal’ samples; 
they were resolvable into fast and slow components 
in proportions depending upon concentration 
(Fig. 2) in a manner again closely resembling the 
‘normal’ samples of Ogston & Tilley. The boundaries 
obtained with £,-lactoglobulin were markedly 
different in shape, showing larger proportions of 
slow component (Figs. 1, 2), and the possibility that 
three components might be resolved by sufficiently 
prolonged electrophoresis. Mixtures gave bound- 
aries intermediate in character between those of 
B,- and £,-lactoglobulins; the variations of the pro- 
portions of fast and slow components with concen- 
tration resembled those shown by Ogston & Tilley’s 
‘abnormal’ samples. 

Other methods of electrophoresis. Paper electro- 
phoresis never gave more than one band for either 
B,- or B.-lactoglobulin under a variety of conditions. 
At pH 3-0 and 4-6 at room temperature the mixture 





Ascending Descending 


12) 12) 














Fig. 1. Tracings of typical electrophoretic boundaries. 
A, B,-Lactoglobulin (1-18 g./100 ml.) after 93 min.; B, By- 
lactoglobulin (3-64 g./100 ml.) after 88 min.; C, mixture 
of B,- and f,-lactoglobulins, from a cow which produced 
both in approximately equal amounts (1-64 g. of total 
protein/100 ml.) after 103 min. For conditions of 
electrophoresis, see text. The starting positions are 
represented by vertical lines O in A. 
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gave only one band, with considerable trailing. 
Smithies (1955a) noted that lactoglobulin gave two 
bands in the starch gel described by him. Use of his 
method (Smithies, 1955b) showed that £,-lacto- 
globulin gave only one band, with a considerable 
amount of trail. £,-Lactoglobulin likewise gave 
only one, and the mixture gave two. 

Titration curves. The acid or alkali reacting with 
the protein was determined by subtracting from the 
titre of the protein solution at each pH the corre- 
sponding blank titre, corrected for difference of 
total volume; since the volumes of titrant solutions 
were small the effect of dilution on the ionic strength 
was neglected. 

The curves (Fig. 3a) suggest that B,-lactoglobulin 
has over 50 acid-binding groups, while £,-lacto- 
globulin has about 40, calculated on the basis of a 
molecular weight of 35000 (Cecil & Ogston, 1949). 
A high absolute accuracy is not claimed for these 
curves. 

Ultraviolet absorption. The absorption curves of 
B,- and £,-lactoglobulins in 0-1N-NaOH are shown 
in Fig. 4. Significant differences appear in the 
region of 280 my. Analysis of these curves for the 
contributions of tyrosine and tryptophan by the 
method of Goodwin & Morton (1946) gave for B,- 
lactoglobulin: tyrosine 5-5 g. mol., tryptophan 
3-2g. mol.; and for £,-lactoglobulin: 
6-2 g. mol., tryptophan 3-5g. mol./35 000g. of 
protein. 
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Fig. 2. Variations in the proportion of slow component in 
electrophoresis with concentration of protein, in acetate 
buffer (pH 4-66, J 0-1). @, £,-Lactoglobulin; @, B.- 
lactoglobulin; O, mixture of B,- and £,-lactoglobulins, 
from a cow producing both in approximately equal 
amounts. ’ 
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Fig. 3a. Titration curves of B-lactoglobulins with acid (see 
text). Each titration started at pH 5-2. @, £,-Lacto- 
globulin; @, f,-lactoglobulin; O, mixture of f,- and f,- 
lactoglobulins, 40:60 by weight; ©, mixture of B,- and 
B,-lactoglobulins, 22:78 by weight. 
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Fig. 3b. Titration curves of B-lactoglobulins with alkali 
(see text). Each titration started at pH 5-2. @, B,-Lacto- 
globulin; O, f,-lactoglobulin. 
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Fig. 4. Ultraviolet-absorption curves of ,-lactoglobulin 
(broken line) and f,-lactoglobulin (full line). The measure- 
ments were made at 0-07 g./100 ml. in 0-1mM-NaOH;; the 
extinctions plotted have been calculated for 1-0g./100ml. 


DISCUSSION 

Measurements made on separate f,- and £,-lacto- 
globulins show that they are closely similar in some 
respects, and distinctly different in others. Thus 
their crystallographic dimensions differ very little 
from each other (Green, North & Aschaffenburg, 
1956) and they readily form mixed crystals under 
conditions which include those ordinarily used for 
the preparation of f-lactoglobulin. Both appear 
homogeneous in the ultracentrifuge at 26°, their 
sedimentation rates being identical, and it appears 
from the similarity of the rate of spreading of their 
sedimentation boundaries that their diffusion 
coefficients must be closely similar. Their molecular 
weights are therefore probably identical, as the 
crystallographic data of Green et al. (1956) suggest. 
On the other hand, they have different solubilities, 
different titration curves and different electro- 
phoretic behaviour, and their absorptions in the 
ultraviolet are different. These observations are 
consistent with the two proteins differing somewhat 
in their amino acid composition. 

In spite of their differences of solubility, separa- 
tion is very difficult. Our experiments show that, 
after the removal of excess of f,-lactoglobulin, 
fractional crystallization at pH 5-2 produces no 
further separation; examination by paper electro- 
phoresis of the sample, nine times crystallized, on 
which Smithies (1954) made most of his measure- 
ments showed that it contained a substantial 
proportion of f,-lactoglobulin. It is therefore 
possible that the partial fractionations reported by 
Polis et al. (1950) and by Smithies (1954) by salting- 
out, and by Ogston & Tilley (1955) by electro- 
phoresis, consisted of the fractionation of f,- and 
Bo-lactoglobulins from samples which contained both; 
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unfortunately, it cannot be ascertained whether the 
sample used by Ogston & Tilley in this experiment 
was a ‘normal’ one. The differences of solubility and 
of other properties reported by Jacobsen (1949) and 
by Grénwall (1942) could well have arisen from 
the presence of different proportions of f,- and 
B,-lactoglobulins in the samples studied. All these 
observations could therefore be consistent with the 
observed heterogeneity of B-lactoglobulin being 
due to the presence of £,- and £,-components. 

The fact remains that both £,- and £,-lacto- 
globulins show complex boundaries in U-tube 
electrophoresis, the property which first (Li, 1946) 
raised doubts about its homogeneity. Comparison 
of our present results (Figs. 1, 2) with those of 
Ogston & Tilley (1955) make it clear that their 
‘abnormal’ samples must have contained varying 
proportions of £,- and £,-lactoglobulins; the occur- 
rence of such samples, and probably the electro- 
phoretic fractionation reported by Ogston & Tilley, 
may therefore be explained by the existence of these 
two components. It is also clear, however, from the 
identity of the boundary patterns and the identical 
variations of the proportions of ‘fast’ and ‘slow’ 
electrophoretic components that Ogston & Tilley’s 
‘normal’ samples consisted of pure f,-lactoglobulin. 

Now Ogston & Tiiley argued that, although the 
presence of two electrophoretic boundaries is due in 
part to association of ‘slow’ into ‘fast’ material, 
a behaviour reproduced in sedimentation at low 
temperature, confirmed by Townend & Timasheff 
(1956), there must be two chemically distinct com- 
ponents even in the ‘normal’ samples. Otherwise, 
the proportion of ‘fast’ (associated) material should 
approach 100% as the concentration of protein is 
raised, instead of reaching a limit of about 70-80 %. 
This conclusion is unaffected by the work of Gilbert 
(1955), who has shown that two boundaries will 
be observed in an associating system, even when 
the association—dissociation equilibrium is rapidly 
established: although his theory predicts that a 
slow boundary will be present at all concentrations, 
its size should reach a limiting value at a certain 
critical concentration (at which the fast boundary 
first appears), so that the proportion of ‘fast’ 
boundary should approach 100 % at high concentra- 
tion. Since it appears likely that Ogston & Tilley’s 
‘normal’ samples contained only £,-lactoglobulin, 
it is possible that f,-lactoglobulin is itself hetero- 
geneous. The evidence of the constant-solvent 
solubility curve found by Ogston & Tilley for a 
normal sample supports this possibility. 

The material isolated by Polis et al. (1950) in 
small yield by salt fractionation does not appear to 
have had electrophoretic properties corresponding 
with those of either £,- or B,-lactoglobulin. 

We conclude that, although much of the work on 
the heterogeneity of f-lactoglobulins can be ex- 


HETEROGENEITY OF BOVINE £-LACTOGLOBULIN 403 


plained by the presence of £,- and £,-components in 
varying proportions in the samples studied, there 
remains evidence of heterogeneity which cannot be 
so explained; and that it is possible that both £,- 
and f,-lactoglobulins are mixtures of closely related 


proteins. 
SUMMARY 


1. Samples of £,- and §,-lactoglobulins, and 
mixed samples, have been prepared from the milk of 
individual typed cows. 

2. B,- and £,-Lactoglobulins appear to be 
identical in sedimentation behaviour and similar in 
molecular weight, but to differ in solubility, ultra- 
violet absorption, titration curves and electro- 
phoretic properties. Both give complex electro- 
phoretic boundaries. 

3. The two proteins are very hard to separate by 
crystallization: a 9-times crystallized sample con- 
tained a substantial proportion of £,-lactoglobulin. 

4. The bearing of the properties of these proteins 
on previous observations on the heterogeneity of 
B-lactoglobulin is discussed. It is concluded that 
their existence and properties can explain most of, 
but not all, these observations, and that it remains 
possible that f,- and £,-lactoglobulins are them- 
selves heterogeneous. 

This work was made possible by a Research Grant from 
the Agricultural Research Council. We are grateful to Dr 
A. C. Allison for measurements of electrophoresis in starch 
gel; to Dr O. Smithies for a sample of B-lactoglobulin; to 
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Aschaffenburg for much valuable advice and information. 
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In this paper the term inositol is used to indicate 
meso- (or myo-) inositol. Vohl (1856) first isolated 
inositol from beans (Phaseolus vulgaris) and noted 
that the ‘phaseomannite’ was to be found in largest 
amount in the young plant and that it disappeared 
at a later stage of growth when starch was formed. 
Meillére (1908) also observed that inactive inositol 
occurred in vegetable tissues mainly during the 
period of rapid growth and that it disappeared when 
the fruits or seeds were ripe. Eastcott (1928) found 
that in germinating-barley inositol ‘disappeared’ 
from the ripe grain but that it was formed again on 
germination. 

Changes in the vitamin content of different 
varieties of germinating seeds have been studied 
with reference to several vitamins of the B complex, 
including inositol (Burkholder & McVeigh, 1945; 
Cheldelin & Lane, 1943). These authors give values 
for total inositol only, although it is known that it 
exists in both free and combined states (Norris & 
Darbre, 1956; Darbre & Norris, 1956). The distribu- 
tion of inositol in the germinating-bean seed does 
not appear to have been studied, although much 
work has been done with other B vitamins in cereal 
seeds, especially wheat (Hinton, 1942, 1947; 
Hinton, Peers & Shaw, 1953). Concentration 
gradients downwards in the tomato plant have been 
shown with thiamine (Bonner, 1942) and with ribo- 
flavin and pantothenic acid (Bonner & Dorland, 
1943), but no similar study with inositol has been 
traced in the literature. 

In the present paper the methods developed 
during work with oats (Darbre & Norris, 1956) were 
applied to a study of the distribution of inositol in 
the ungerminated bean seed (P. vulgaris) and in the 
young bean plant, and it has been shown that there 
exists a concentration gradient of inositol down- 
wards through the young bean plant. The work is 
divided into three sections, relating to the whole 
ground seed, the dissected ungerminated seed and 
the young plant. 


EXPERIMENTAL 


Materials 


The bean used for the present work was the French bean, 
P. vulgaris L. (var. Improved Canadian Wonder), which had 


been air-dried (moisture content 11-2%). All results are 
calculated on a dry wt. basis. 

Whole-ground ungerminated bean seed. About 250 g. of 
air-dried bean seeds was ground as finely as possible in a mill 
and stored at room temperature in an air-tight container in 
order to avoid changes in moisture content as far as possible. 

Dissected ungerminated bean seed. The bean was split in 
two with a sharp knife, the cotyledons were separated and 
the embryo was lifted out. The embryo was broken into 
radicle and plumule portions by gently pulling apart: the 
break always occurred at a natural line of weakness at the 
base of the plumule. The seed coat was carefully stripped 
from each cotyledon with a knife. The fractions were 
weighed and then ground, the radicles and plumules with 
a pestle and mortar, the seed coats and cotyledons in a mill, 
before being stored in air-tight containers (Table 1). 

Germinated bean seed. A preliminary soaking with water is 
frequently used as an aid to more rapid germination. It was 
found, however, that during a 15 min. period of soaking 
6 ug. of free inositol/seed was leached out, which increased to 
l7yg. after 3hr. Hence pretreatment with water was 
avoided, and preliminary sterilization of the seeds was also 
reduced to the briefest time possible consistent with pre- 
vention of mould growth during the later stages of germina- 
tion. 

Various conditions of germination were tried: (a) in 
sawdust which had been boiled with several changes of tap 
water for about 6 hr. to remove resins and inhibitory sub- 
stances ; (b) between pads of moist blotting-paper in shallow 
dishes, with subsequent transference on germination to 
perforated trays suspended over water; (c) in beakers, 
between the side of the beaker and a sheet of blotting-paper, 
tightly coiled round the inside of the beaker, which was kept 
moist by adding water to the bottom of the beaker. This 
last method was the most successful and was used as 
follows. 

About 150 seeds were dipped in 5% (w/v) calcium hypo- 
chlorite solution for 5 min. (cf. Burkholder & McVeigh, 
1942, 1945) and then dried between sheets of heat-sterilized 
white blotting-paper. The beans were then placed about 
2-5 em. apart between a tightly fitting cylinder of blotting- 
paper and the inside of a 21. beaker (previously heat- 

Table 1. Mean weight of dissected parts of 
170 ungerminated bean seeds 


Fresh wt. Dry wt. 
Part (mg.) (mg.) 
Plumule 0-83 0-77 
Radicle 5:58 5-30 
Cotyledons (2) 531-9 4723 
Seed coat 41-9 38-0 
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sterilized for 3 hr. at 120°) to form a ring round the inside of 
each beaker half-way between the top and bottom of the 
beaker. Medium, as described by Biddulph & Woodbridge 
(1952), was boiled for a few minutes and, after cooling, was 
added to each beaker to a depth of about 1 cm. The beakers 
were covered with loose-fitting glass covers and germination 
was allowed to proceed in a darkened corner of the labora- 
tory. Excessive mould growth was prevented under these 
conditions. 

Harvesting was carried out at the stage of growth when 
the plants had a well-developed root system and a stem 
about 10 em. long. The first true leaves were fully open and 
green and the shoot apex was about 1 cm. long. The seed 
coats had been shed. Only plants at the same stage of 
development were selected. Some trouble was encountered 
with blotting-paper which became attached to the roots 
(cf. McVeigh, 1944). 

The plants were dissected into fractions. The leaves were 
cut from the stem at the base of the petioles, and the shoot 
apex was removed at the same point. The cotyledons were 
detached. The root system was cut from the stem at the 
point where the first lateral root appeared. In those cases 
where a single lateral root appeared abnormally high up the 
stem, as sometimes happened, the plant was discarded. The 
fresh wt. of each fraction was obtained. All results were 
calculated on a dry wt. basis. The weights of the fractions are 
given in Table 2. 


Methods 


Moisture content. Drying of the germinated-bean fractions 
in an oven caused considerable browning of the material 
and gave coloured solutions. In most cases, since the inositol 
content was high, the original extract was normally greatly 
diluted, with the result that the effect of colour on sub- 
sequent turbidimetric readings was negligible. A more 
important objection to oven-drying lies in the enhancement 
of enzyme activity in the early stages. After tests, the mode 
of drying was adapted from the freeze-drying method of 
Makower & Nielsen (1948). After weighing, the fresh 
material was placed in Petri dishes and frozen by standing 
in a mixture of CHCl, and solid CO,. The dishes were inter- 
spersed with vessels containing P,O, in a desiccator, which 
was then evacuated with a mercury rotary pump, and the 
desiccator stored at 0°. After this preliminary drying the 
material was weighed, ground and stored in air-tight 
containers. Samples were weighed in porcelain boats and 
taken to constant weight in a Fischer drier over boiling 
CHCl, (61°) and P,O, in vacuo. All results are calculated to 
this dry wt. basis. With ungerminated material moisture 
determinations were carried out in the Fischer drier 
only. 

Assay of inositol. The microbiological-assay method de- 
veloped by Northam & Norris (1952), as modified by Norris 
& Darbre (1956), was used, with Schizosaccharomyces pombe 
as test organism. The methods of assaying free and total 
inositol and inositol liberated by autolytic enzymes and by 
phytase, which were applied to germinating oats (Darbre & 
Norris, 1956), have been successfully used here. 

Some difficulty was encountered in assaying free inositol 
in the seed coats of the bean seeds, owing to some precipita- 
tion which occurred in the assay tubes in the process of 
sterilization by heating before inoculation. This trouble 
could be eliminated by boiling the test solution at pH 4-8 
with a few milligrams of charcoal (British Drug Houses Ltd.) 
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for a few minutes before filtering and making up to volume. 
Inositol was not adsorbed under these conditions (Darbre & 
Norris, 1956). 
RESULTS 
Whole-ground ungerminated bean seed 


Free inositol. When the beans were extracted 
with 0-04N-HCl at room temperature for 10 min. or 
for 24 hr. to stop autolytic enzyme action (Darbre 
& Norris, 1956), a mean value of 263 yg. of free 
inositol/g. was obtained. Extraction with 0-02N- 
HCl for 24 hr. gave a value of 370 pg./g., showing 
that acid of this concentration was insufficient to 
inhibit autolytic enzyme action completely. 

Total inositol. The ability of the natural enzymes 
to release bound inositol with and without added 
buffer at pH 5-4 is shown in Fig. 1, and this may be 
compared with the release of inositol effected by 
added phytase at the same pH after preliminary 
inactivation of the natural enzymes. There was no 
significant difference in the rate or final totals of 
inositol liberated, after 110 days’ incubation at 39°, 
at pH 5-0, 5-4 or 5-8, the final totals being 5, 4-9 and 
4-9 mg./g. respectively. The same was true with 
added phytase, where in solutions at pH. 5-0, 5-4 and 
5-7 the final totals were 5-2, 5-1 and 5-1 mg./g. 
respectively after 29 days’ incubation at the same 
temperature. The liberation of inositol by autolytic 
enzymes or added phytase appears to have a flat 
optimum over the range pH 5-0—5-7, as found with 
oats, and it is probable that similar enzymes are 
involved. 

Hydrolysis of samples in sealed tubes with n-HCl 
for 48 hr. at 123° gave an average value of 5 mg. of 
total inositol/g. 


Inositol (mg./g.) 





| Free inositol 








0 1 1 1 4 =F 
200 400 600 800 1000 2640 
Time (hr.) 
Fig. 1. Liberation of free inositol from whole ground 


ungerminated bean seeds (1 g.) by enzymes. A, Added 
phytase (0-025 g.) with 4 ml. of 0-2m-sodium acetate— 
acetic acid buffer (pH 5-4)/100 ml. @, Autolytic enzymes 
with 4 ml. of 0-2m-sodium acetate—acetic acid buffer 
(pH 5-4)/100 ml. O, Autolytic enzymes without buffer, 
initial (natural) pH 6-42.* 
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Dissected ungerminared bean seed 


The concentrations of free and combined inositol 
in the four fractions of the dissected bean, and the 
absolute amounts present in one bean, are shown in 
Table 3. The relevant data on the weights of the 
fractions are given in Table 1. 


Young bean plant 


The concentrations of free and combined inositol 
per gram of each of the parts into which the plant 
was cut, and the amounts of free and combined 
inositol distributed throughout one plant, are 
shown in Table 3. Table 2 records the relevant wet 
and dry weights of the fractions. The seed coats are 
not included, for at this stage they have been dis- 
carded by the plant and cannot be related to the 
plants from which they fell; moreover, they have 
been subjected to the leaching action of water in 
the growing vessel. Samples assayed had a total 


Table 2. Fresh and dry weights of dissected 
parts of young bean plants 


Fresh wt. Dry wt. 
Part (mg.) (mg.) 
Shoot apex 40-5 6-3 
Leaves (2) 217-4 33-9 
Stem 291-9 135-0 
Cotyledons (2) 322-0 97-8 


Roots 574-3 51-5 





Table 3. Content of free and combined inositol in parts 
of dissected ungerminated bean seed and plant 





inositol content which varied between 20 and 30 mg. 
per seed coat; free inositol was too small to be 
assayed. Leaves were collected at three stages 
of development in order to determine possible 
changes in inositol content. To test for diurnal 
variations, leaves at the same stage of development 
were collected in the morning, afternoon and evening 
and the concentrations of free and total inositol as 
well as the absolute amounts found are shown in 
Table 4. 


DISCUSSION 


The autolytic enzymes liberating inositol from its 
bound forms in beans are completely inactivated by 
0-04N-HCl, but not by 0-02N-HCIl, in contrast with 
those of oats (Darbre & Norris, 1956). Estimates of 
maximum inositol liberated are in close agreement, 
whether obtained by the action of autolytic 
enzymes, phytase or acid. The last is by far the 
most rapid agent. Cheldelin, Eppwright, Snell & 
Guirard (1942) found that green peas autolysed at 
their natural pH for 24 hr. at 37° released 83 % of 
the maximum inositol liberated by other means. It 
is seen (Fig. 1) that the release of inositol by the 
autolysing enzymes of beans is very slow indeed. 
The highest concentrations of free and combined 
inositol in the ungerminated seed occur in the 
plumule and radicle (Table 3). Attention must be 
drawn to the high proportion of free to total inositol 
in the seed coat (59-6 %), when compared with that 
in the cotyledon (4-2 %). No function is known for 
the large amount of free inositol in the seed coat 
which is nearly all lost during germination. No free 








at ve omy waa nanan inositol was detected in the culture fluid in which the 
Stage of e : tid des? m beans had been grown, hence the loss would seem to 
development Free Combined Free Combined be due not to leaching, but to metabolic processes at 
Ungerminated seed present unknown. The results of assay of seed coats, 
Plomule Ll 10-3 1 8 whether fully discarded or still attached to the 
Radicle 1-2 6:3 6 34 plant, suggests that no change occurs in the amount 
Cotyledons 0-2 5-0 104 2350 of combined inositol. The well-observed and re- 
Seed coat os O4 20 i¢ ported fact that inositol ‘disappears’ when seeds 
Young plant are ripe is again manifest in this instance. 
Apex 21-6 1-2 130 15 The parts of the young bean plant show a de- 
Leaves ie 33 <0 110 creasing concentration of free and total inositol 
Stem 5-6 0-9 75 125 
Cotyledons 1-7 2-3 170 290 from the shoot apex down to the roots (Table 3). 
Roots 1-5 1-7 75 85 The highest proportion of free to total inositol is in 
Table 4. Dry weight, free and total inositol of developing leaves of young bean plants 
Moisture contents were between 81-7 and 84:6%. 
Inositol 
Stage of Time of Dry wt. ‘ Free Total Free Total 

development day (mg./leaf) (mg./g. dry wt.) (ug./leaf dry wt.) 

Etiolated, folded 10.00 76 10-5 14-4 80 110 

Unfolding, green 10.00 8-9 11-9 15-4 105 135 

Fully open, green 10.00 17-0 13-0 16-3 220 275 

Fully open, green 16.00 17-4 12-6 15-2 220 265 

Fully open, green 19.30 22-1 12-6 14:3 280 315 
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the shoot apex (95%) and the lowest in the cotyle- 
dons (43 %). The cotyledons are no longer the main 
source of inositol in the plant. In the ungerminated 
seed 5-2 % of the inositol is in the free state, whereas 
in the young plant this has risen to 74 %. There has 
been an over-all increase of 910 % in the free inositol, 
after taking account of the losses in dry weight on 
germination, but a loss of 16-2% in the total ino- 
sitol. This result is in contrast with that of Cheldelin 
& Lane (1943), who found that with lima beans 
germinated for 48 hr. an increase in inositol occurred. 
Since their method of determining inositol was 
that of digestion with papain and Taka diastase, 
their result is cpen to criticism. 

As the leaf develops, the concentration of free and 
total inositol increases, with a corresponding in- 
crease in the absolute amounts (‘Table 4). The fully 
open green leaves collected at different times of the 
day do not show any changes which might be 
ascribed to a diurnal variation. 


SUMMARY 


1. A study has been made of the distribution 
of free and combined inositol in both the unger- 
minated bean seed and the young bean plant. 

2. In the ungerminated seed only 5-2% of the 
total inositol is in the free state, and this rises to 
74% in the young plant. 

3. A concentration gradient of inositol down the 
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plant from the shoot apex to the roots has been 
demonstrated. 

4. The concentration of inositol in the leaves 
increases with progressive stages of growth. 
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Kinetics of the Reaction between Trypsin and the 
Pancreatic Trypsin Inhibitor 


By N. M. GREEN* 
Department of Biochemistry, University of Sheffield 


(Received 19 November 1956) 


The reversible reactions between trypsin and 
several protein inhibitors have a number of features 
in common which suggest that the main forces 
holding the two molecules together are electrostatic. 
The most important observations supporting this 
hypothesis are: (1) the velocity of combination of 
inhibitor and trypsin has in most cases proved too 
great to be measured by simple techniques; (2) the 
inhibitor—trypsin compounds are dissociated at acid 
pH; (3) free amino groups disappear during the 
reaction; (4) blocking of amino or carboxy] groups 
of trypsin or inhibitor often prevents combination 
between the two proteins. This evidence will not be 
considered further here since it has recently been 

* Present address: Department of Chemical Pathology, 
St Mary’s Hospital, London, W. 2. 


reviewed in some detail (Green & Neurath, 1954; 
Laskowski & Laskowski, 1954). 

The reaction between trypsin and the pancreatic 
inhibitor is much slower than are the other reactions 
and the rate can therefore be measured. It was 
suggested (Green & Work, 19536) that this re- 
latively low rate might be due to electrostatic 
repulsion between the pancreatic inhibitor and 
trypsin, since they are both positively charged below 
pH 9. All the other inhibitors which have been 
investigated have acid isoelectric points and are 
therefore negatively charged at neutral pH. 
Laskowski & Laskowski (1954) questioned this 
interpretation, mainly on the grounds that 14% 
urea, which raises the dielectric constant of the 
medium and hence reduces electrostatic forces, 
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slows the inhibitor-trypsin reaction instead of 
accelerating it. They did not, however, consider the 
specific effects of urea on protein molecules, which 
would almost certainly outweigh any medium 
effects. 

In order to gain a more accurate idea of the role of 
electrostatic forces in this reaction a detailed in- 
vestigation has been made of the effect of temper- 
ature and ionic strength on the rate. If the low rate 
were due only to electrostatic repulsion the entropy 
of activation would be large and negative and the 
heat of activation would be small. It will be seen 
below that the experimental values are the reverse 
of such expectation, but that the original hypothesis 
is not thereby invalidated. 


EXPERIMENTAL 
Materials 


Trypsin. Twice-crystallized Worthington trypsin was 
dialysed for 24 hr. in a rocking dialyser against 0-001 M-HCl, 
and then freeze-dried. Solutions in 0-001mM-HCl were 
freshly prepared each day and stored in ice-water. 

Pancreatic trypsin inhibitor. The twice-recrystallized, 
salt-free ‘preparation (1)’ of Green & Work (1953a) was 
used. The solutions in water were kept for 2 or 3 weeks in the 
refrigerator without loss of activity. 

Soya-bean trypsin inhibitor. A salt-free crystalline pre- 
paration was kindly supplied by Dr M. Kunitz. 

Benzoyl-t-arginine ethyl ester (BAEE). This was prepared 
by standard methods (Schwert & Eisenberg, 1949). 


Methods 


Protein concentration. Protein concentration was deter- 
mined from optical-density measurements at 280 my with 
a Hilger Uvispek spectrophotometer. Since the conversion 
factor (mg. of protein/ml. of solution of unit optical density) 
for obtaining trypsin concentration from optical density has 
been found to vary from one preparation to another (Green, 
1953; Laskowski & Laskowski, 1954), it was re-determined 
on duplicate trypsin samples dried to constant weight at 
110°. It was found to be 0-638, 0-642 (mean 0-640), corrected 
for the presence of 0-2 % of ash, obtained on incineration of 
a trypsin sample. The factor for the pancreatic inhibitor was 
taken as 1-22 (Green & Work, 1953), and for the soya-bean 
inhibitor as 1-18 (Kunitz, 1947). 

Esterase activity. Trypsin esterase activities were measured 
by the following modification of the continuous potentio- 
metric titration method (Schwert, Neurath, Kaufman & 
Snoke, 1948). This method has been used mainly for 
measuring hydrolysis rates of the order of 0-1-1 m-mole/l./ 
min., in an open beaker, the absorption of atmospheric CO, 
being neglected. In the present experiments it was neces- 
sary to follow much lower rates of hydrolysis and so the 
reactions were carried out in a specially constructed closed 
glass vessel. The calomel and glass electrodes were fitted with 
rubber seals and inserted through the top of the vessel, 
which also had a small inlet for a burette and another for 
making additions of reactants. Carbon dioxide-free air 
could be passed in through a small side arm. The vessel 
required about 10 ml. of solution to cover the electrodes. 


It was held in a constant-temperature water bath (--0-02°) 
with its top just above the surface of the water. The top was 
covered with aluminium foil, cemented in place and earthed 
by a phosphor-bronze spring to the copper gauze that 
screened the glass electrode, in order to eliminate electrical 
interference. 

The reaction mixture was stirred magnetically with a 
small bar magnet attached to a pulley driven from the main 
stirrer of the water bath. The thermometer in the bath was 
checked against an N.P.L. standardized thermometer. 

The pH was measured on a Pye direct-reading pH and 
millivoltmeter. It was maintained constant (-+ pH 0-05) 
during the ester hydrolysis by addition of NaOH (0-1 or 
0-02M) from 0-5 ml. or 0-1 ml. burettes. 

The sensitivity of the method was increased in two ways. 
First, the buffer concentration was lowered from 10-*M to 
10-5, so that much smaller additions of base would give the 
same pH change. It was not practicable to use lower con- 
centrations than this since the glass electrode became very 
sluggish and took a minute or more to come to equilibrium 
with added base. The second modification was to increase 
the sensitivity of the pH meter by inserting the variable 
potential source (compensator; see Fig. 1) in series with the 
voltmeter of the instrument, the jack plug provided being 
used. The function of this compensator was to oppose the 
e.m.f. from the amplifying system by an adjustable e.m.f. 
from a battery circuit. Small changes in pH thus produced 
changes in the small differential e.m.f., which were registered 
on the galvanometer. With the circuit illustrated a tenfold 
magnification of the scale was obtained and a change in pH 
of one unit produced full-scale deflexion of the galvanometer. 
Any unit of pH could be selected by adjusting the variable 
resistances. The sensitivity was of the same order as that of 
the apparatus described by Burch (1954). 

All experiments were carried out in the presence of 
0-002 M-CaCl, to prevent autolysis of the trypsin. 2-Amino- 
2-hydroxymethylpropane-1:3-diol hydrochloride _ buffer 
(tris) was used, unless otherwise stated, and the ionic 
strength was adjusted to the required value with KCl. When 
low activities were to be measured reaction mixtures con- 
taining 10->m-tris, pH 7-8, and either trypsin or BAEE, 
were prepared in the vessel described above. The electrodes 
were inserted and the vessel was placed in the bath to 
equilibrate. A 0-1 ml. burette containing 0-02m-NaOH was 
fixed in position with its tip beneath the surface of the 





pH 
meter 




















WWW 

Fig. 1. Compensating device for increasing the sensitivity 
of the pH meter. The battery was a 1-5v dry cell, the 
resistances (given in ohms) were ordinary radio compo- 
nents and the galvanometer was a Cambridge mirror 
galvanometer, internal resistance 20Q, full-scale de- 
flexion 5 pa. 
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reaction mixture, an air-tight seal being made with a short 
length of rubber tubing. A current of CO,-free air, saturated 
with water vapour at the temperature of the water bath, was 
passed in through the side arm. The compensator was set to 
give a galvanometer reading of zero at the pH at which the 
reaction was to be carried out (7-8), and the pH was raised to 
7-9 with alkali from the burette. The enzyme or substrate 
was then added and the vessel sealed with a small rubber 
stopper. The time was taken when the galvanometer reading 
fell to zero, more alkali was added and the time noted when 
the galvanometer again returned to zero, as in the method of 
Schwert et al. (1948). The slope of the graph of base con- 
sumed against time gave the rate of hydrolysis of the sub- 
strate. Readings were usually taken at approx. 20 sec. 
intervals until ten points had been obtained. It was possible 
to take readings every 10 sec. when necessary. 

A slow fall in pH was observed even in the absence of 
enzyme and substrate, probably due to small amounts of 
CO,, and 1-5 x 10-® moles of base/min. were required to 
maintain constant pH. Because of this the lower limit of 
activity that could be measured with an accuracy approach- 
ing that for higher activities was about 2 x 10-8 moles of 
base/min., corresponding to a trypsin concentration of 
2x 10-°m. The blank due to CO, absorption could probably 
have been eliminated by more efficient sealing of the 
apparatus. However, further modification to this end would 
have made the apparatus less easy to assemble and to 
clean out, and this was undesirable owing to the large 
number of measurements that were to be made. 

Measurement of higher esterase activities was carried out 
in the same way, higher buffer concentrations (up to 
0-005M), 0-ImM-NaOH and a 0-5 ml. burette being used. 
When reaction rates above 10-* mole of base/min. were 
being measured precautions to exclude atmospheric CO, 
were unnecessary. A linear relation between trypsin con- 
centration and esterase activity was observed from 
2x10-°m to 10-§m, showing that there was no effect of 
changing buffer concentration on the activity. 

After each estimation it was necessary to soak the 
electrodes in 10% KCl, adjusted to pH 2-3 with HCl, for 
about 1 min., in order to remove trypsin adsorbed on the 
glass electrode. 

Velocity of the inhibitor-trypsin reaction. The reaction was 
stopped after measured time intervals by addition of the 
substrate (BAEE). This immediately combined with the 
free trypsin, whose concentration could then be estimated 
from the rate of hydrolysis of the BAEE. The validity of this 
measure of the free trypsin was checked by adding a known 
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amount of trypsin to a mixture of one equivalent of inhibitor 
and 0-005mM-BAEE. The velocity remained constant for 3 or 
4 min. and the measured slope was only 2% lower than that 
in the absence of inhibitor (Green, 1953). These experiments 
were made at the highest trypsin concentrations that were 
to be used; at lower concentrations the error was less since 
the concentrations of free inhibitor and trypsin were both 
reduced. No correction was made for this displacement of 
substrate by inhibitor since the error was small and difficult 
to estimate. 

Most of the velocity measurements were made at reactant 
concentrations of 10-6 or 10-7 m. Typical reaction mixtures of 
ionic strength 0-0085 and 0-106 are shown in Table 1. The 
apparatus was set up containing the reaction mixture with 
the exception of the trypsin, which was added later from 
a calibrated syringe fitted with a glass jet bent at a right 
angle. The syringe was filled and immersed almost to the 
tip in the water bath to bring it and its contents to the 
correct temperature. It was then wiped, clamped in position 
and the trypsin squirted rapidly in. The pH came to 
7-8+0-05 and remained there until the reaction was stopped 
by the addition of 0-5 ml. of 0-1M-BAEE. The rate of hydro- 
lysis due to the free trypsin remaining at the time when the 
BAEE was added was then measured as described above, 
commencing within 1 min. of the addition of the BAEE. 


RESULTS 
Effect of temperature (T) on the hydrolysis of BAEE 


A plot of log k, against 1/7’ at two ionic strengths 
is shown in Fig. 2. Each point is the mean of five to 
ten independent measurements of k, at a substrate 
concentration of 0-005m. The best straight line 
through the four points and the standard deviations 
of the derived constants were calculated by the 
method of least squares, a molecular weight of 
24 000 for trypsin (Cunningham, Tietze, Green & 
Neurath, 1953) being used. No correction was made 
for the presence of inactive material in the trypsin 
preparation, although it is probable that some was 
present, since the value of k, (25°, [= 0-03) was only 
19-3 sec.-!, whereas a preparation used previously 
(Green, 1953) had a k, of 21-6 sec.-!. However, since 
it cannot be assumed that this last figure corre- 
sponds to 100 % trypsin, no correction was made. It 


Table 1. Composition of reaction mixtures used for the determination of inhibitor—trypsin reaction velocity 


Quantities are given in millilitres of the solution specified. The first two columns refer to experiments in which the 
initial concentration of the two reactants was 10-®m. The corresponding figure for the second pair of columns is 10~7M. 


Ionic strength (J) 0-0085 


0-02M-Tris, pH 7:8 2-0 
0-4m-CaCl, 0-05 
M-KCl — 
0-1m-KCl -—- 
Inhibitor* v 
Water 7-45 —v 
Trypsin (2 x 10-5) 0-5 


Trypsin (2 x 10-®m) — 


. Pe. . . . 
* Volume of inhibitor solution (v) equivalent to the trypsin used was determined in a preliminary experiment. 


0-106 0-0085 0-106 
2-0 0-2 0-2 
0-05 0-05 0-05 
1-0 _ 1-0 
— 0-23 -—- 

v v v 
6-45 —v 9-0 -—v 8-25 -2 
0-5 — — 

— 0-5 0-5 
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can be said with some certainty the difference in 
rate constant is due to the variation in the amount of 
inactive trypsin present and not to true variation 
of the kinetic constants, as will be made clear in the 
next section. The heat and entropy of activation 
given in Table 2 agree well with previously pub- 
lished figures (Schwert & Eisenberg, 1949; Gut- 
freund, 1955). 


Inhibitor equivalent to 1 mg. of trypsin 

This quantity was frequently checked during the 
course of these experiments. The mean of twenty- 
four determinations at four temperatures (5°, 15°, 
and 35°) was 0-242+0-005mg. This was 
appreciably lower than the value 0-270 determined 
previously (Green, 1953), and could best be ac- 
counted for by the higher specific activity of the 
trypsin sample used in the earlier investigation. It 
was, in general, found that trypsin solutions which 
had lost activity on standing required correspond- 
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0 ! ! ! | n = a ee 
324 328 332 336 340 344 348 352 356 360 
10°x1/T 
Fig. 2. Effect of temperature on the hydrolysis of BAEE by 
trypsin. O, J =0-0085; @, J =0-106. 
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ingly less inhibitor to inactivate them. The figure 
0-270 was used to calculate a molecular weight for 
the inhibitor of 6500, from the trypsin molecular 
weight of trypsin (24 000). These molecular weights 
were used in subsequent calculations in this paper. 


Dissociation constant of the inhibitor—trypsin 
compound 


An approximate figure for this dissociation 
constant (K;) had previously been determined 
(Green, 1953) by measuring the concentration of 
free trypsin [T,] in the presence of one equivalent of 
inhibitor. In order to obtain an accurate value of 
this constant it was necessary to measure very low 
concentrations of free trypsin, and it was hoped 
that the method described above would be suffi- 
ciently sensitive for the purpose. However, it was 
soon discovered that the earlier value for the disso- 
ciation constant was much too high and that the 
true value was so low that an accurate estimate was 
impossible. The high figure had been obtained 
because insufficient time (3 min.) had been allowed 
for the inhibitor-trypsin reaction to come to 
equilibrium. In the present experiments it was 
found that the free trypsin continued to decrease for 
at least 20 min. at ionic strength 0-1. A further very 
slow decrease continued for some time longer, and 
even after an hour a steady value had not been 
reached. Since it could be calculated from the 
velocity constant that such a second-order reaction 
should be 99 % complete in 6 min., it seemed likely 
that the slow decrease of activity observed after 
20 min. was due to spontaneous inactivation or 
autolysis of the trypsin, which is appreciable over 
long periods even in the presence of calcium salts. 
In addition to this source of error there was another 
due to the impossibility of determining the equiva- 
lence point with sufficient accuracy. For, at the 
lowest usable concentrations, only 0-5% of the 
trypsin was in the free state, and therefore an error 
of 1% in determining the correct proportion of 
inhibitor to trypsin gave errors of the order of 100 % 
in determining the free trypsin present at equiva- 





Table 2. Kinetic constants calculated from Figs. 2 and 3 by the method of least squares 


Free energies, heat contents and entropies given in this table refer to the formation of activated complexes from the 
reactants in their standard states (m aq. solution, pH 7-8, at the ionic strength quoted). 


Tonic k, (25°) 
Reaction strength (sec.—1) 
Hydrolysis of BAEE 0-0085 20-2+0-3 
0-106 18-9 40-5 
10-4 k’ 
(1./mole/sec.) 
Inhibitor—trypsin 0-0085 4-82+0°15 
combination 0-0095 5-85 +0-25 
0-035 15-7+1-0 
0-106 27-6+1-5 


AG* (25°) AH* AS* 
(keal./mole) (keal./mole) (E.U.) 
15-94+0-01 10-48 +. 0-07 —18-3+40-2 
15-98 + 0-02 10-5 +0-2 -—18-2+0-7 
11-34+0-02 14-8+0-15 11-6+0-6 
11-22+0-03 15-6+0-1 14-8+0-4 
10-64 +0-05 12-6+0-5 6641-5 
10-30 + 0-04 12-1403 6-0+0-9 


~~ 





Vo 


len: 
abc 


poi 
im! 
cia 
aft 
for 
all 


Mo 
(1) 
try 
or 

p-t 
it) 


pol 


dis 


try 
tin 
de: 





957 


‘ure 
for 


—— 


ular | 


hts 


ion 
1ed 
of 
b of 
_ of 
Ow 
ved 
ffi- 
vas 
so- 
the 
vas 
ied 
red 
to 
yas 
for 
ry 
nd 
en 
he 


on 


ter 


she 


ee 


Vol. 66 


lence. Since trypsin solutions in 0-001 M-HCl lost 
about 1% of their activity during the course of 
a day, an accurate determination of the equivalence 
point for a particular pair of solutions was made 
immediately before measuring the degree of disso- 
ciation. In this way eight determinations were made 
after allowing 10-®m-inhibitor and trypsin to react 
for 20 min. (I=0-1, 25°). The calculated K,; values 
all lay between 10-1! and 10-1*M, corresponding to 
a free energy of association of 15-16 kcal./mol. 
More reproducible results could perhaps be obtained 
(1) by measuring the activity of purified inhibitor 
trypsin compound, assuming no excess of inhibitor 
or trypsin to be present, (2) by using as substrate 
p-toluene-sulphonyl-L-arginine methyl ester (since 
it is hydrolysed five times as fast as BAEE) and 
lower concentrations of inhibitor-trypsin com- 
pound, to obtain correspondingly greater degrees of 
dissociation. 


Kinetics of the inhibitor-trypsin reaction 
The extent of combination of inhibitor and 
trypsin at pH 7-8 was measured as a function of 
time, ionic strength and temperature, the method 
described above being used. Second-order velocity 
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constants were calculated from the slope of 1/['T;] 
against time, and five or six points were taken for 
each line. The points were usually spaced over the 
region from 30 to 70 % reaction, since for a second- 
order reaction the errors are potentially the least in 
the neighbourhood of 50% reaction (Roseveare, 
1931). The standard deviation of the slope varied 
between +1 and +4% from one experiment to 
another. The slopes were converted into 1./mol./sec. 
units with values for the specific activity of trypsin, 
determined at the appropriate temperature and 
ionic strength. Some representative second-order 
plots for the reaction at 25° are shown in Fig. 3. It 
can be seen that the reaction followed second-order 
kinetics up to at least 80% completion, that the 
second-order constants were independent of initial 
concentration and that they were strongly de- 
pendent on ionic strength. 

The effect of ionic strength (J) on the second- 
order rate constants at 25° is shown in Fig. 4. The 
continuous curves were derived theoretically from 
the Bronsted—Bjerrum relation for the primary-salt 
effect in a reaction between ionic species A and B, 


log k’ =log ky+ log 42, Sa 
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Fig. 3. Reaction between equivalent amounts of inhibitor and trypsin at 25°, plotted according to second-order 


kinetics. 


I=0-1 contains 1120 such units (the turnover number). 
The top and right-hand scales refer to the filled points (10- 6m-reactants). O @, 


(10-7 M-reactants). 


[T;] is expressed in esterase activity units, moles of BAEE hydrolysed/I./min. 


One mole of trypsin at 


The bottom and left-hand scales refer to the Oe points 
I=0-106; 


O, 1=0-035; A A, 1=0-0085. The curves for the 10-*m-reactants parallel those fer the 10-7m-reactants, showing 
that the velocity constants are independent of concentration. 
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and the Debye—Hiickel expression for ionic activity 


2-303272 ( K 
2DkT 1+ xa; 


(ky is the value of k’ when J=0; /;, z;, a; are the 
activity coefficient, net charge and radius of the 
ion 7; € is the charge on the electron; R is the Boltz- 
mann constant; D is the dielectric constant of the 
medium; 7' is the absolute temperature and «x the 
Debye-Hiickel constant = 3-28 x 10? J4). For small 
ions «xa; is negligible compared with one, and a 
linear relation between log k’ and J? results. How- 


coefficients, 


log f;= 


ever, this simplification cannot be made here, since 
for trypsin xa;= 7-27! (a,=22A, see below) and the 
complete expression must be used. 


9 


K 


€ 
2DRT(1 + Kayy) 


dies _ (Gyr —a,) Kk Zp(Ayy —dy) kK 
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log k’ =log ky + 


s8r 
56F 
5-4 


52 


40- 
38F 


36 n 1 n L i 1 i 
0 005 010 015 : 020 025 030 035 








Fig. 4. Effect of ionic strength on the rate of the inhibitor— 
trypsin reaction at 25°. The three curves were calculated 
from the equation for log k’ given in the text, the following 
values for z,;, 2, and log ky being used, the value of 
log k’ at zero ionic strength. 


2, 2p log ky 
Curve (A) 3-5 7-5 3-39 
Curve (B) 4-5 7-5 3-01 
Curve (C) 5-5 7-5 2-63 


The values of z, and zy for curve (B) were calculated from 
the amino acid composition of the two proteins. log ky is 
arbitrary for all three curves. 


where subscripts I, T and IT refer to inhibitor, 
trypsin and the compound of the two. If it is 
assumed that a, =a, = 4,7, the last two terms in the 
square brackets vanish. These terms were included 
in the present calculations, although they were only 
about 10 % of the term 2z, z,, and so did not have any 
detectable effect on the agreement between experi- 
ment and theory. The protein radii were calculated 
from the molecular weights, spherical molecules 
being assumed, with the data of Bragg & Perutz 
(1952) for haemoglobin to provide the density of 
the hydrated protein. The calculated radii were, 
a,=15A, a,= 224 and a,, = 24A. Three curves were 
calculated for different values of z,. For curve (B) 
values of z, (4:5) and z, (7-5) were estimated from 
the analytical data for the inhibitor (Green & Work, 
1953a) and trypsin (Green & Neurath, 1954). 
Curve (A) was calculated with z,=3-5 and curve 
(C) with z,=5-5. z, was not varied independently 
since the slope of the curve depends mainly on the 
product z,z,. Since ky could not be determined 
experimentally the vertical positions of the curves 
were adjusted arbitrarily to make log k’=4-76 
when J!=0-1. Although it appears that curve (A) 
gives the closest fit with the experimental points, 
it should be remembered that the Debye—Hiickel 
theory does not hold at high ionic strengths and 
greatest weight should be given to the four points at 
low ionic strength, which lie more nearly on curve 
(B). The agreement between the observed slope and 
that calculated from the analytical data is good, but 
unfortunately it cannot be taken as a critical test 
of the theory since either of the analytical figures 
might be in error by +2 units of charge. 

A few rate measurements were made at higher 
ionic strengths, not shown in Fig. 4. The highest 
rate was observed when J =0-21 (k’ = 29-2 x 104 1./ 
mole/sec.). Further increase in ionic strength de- 
creased the rate (when J=0-51, k’=18-9 x 10'1./ 
mole/sec.). 

The second-order velocity constants were also 
determined at 5°, 15°, 25° and 35° at ionic strengths 
of 0-0085, 0-0095, 0-035 and 0-106. The ionic 
strengths of 0-0085 and 0-106 were chosen for most 
detailed measurements, since the first was the 
lowest that could conveniently be used in the 
presence of 2 mm-calcium chloride, and at ionic 
strength 0-1 the rate constant approached its 
maximum value and hence the electrostatic con- 
tribution to the free energy of activation should 
have been small. 

Fig. 5 shows the graphs of log k’ against 1/7’, and 
Table 2 gives the free energies, heats and entropies 
of activation calculated by the method of least 
squares. The electrostatic contribution to these 
constants is theoretically obtainable by differentia- 
tion with respect to temperature of the Bronsted- 
Christiansen-Scatchard equation for the velocity 
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constant (Amis, 1949). The resulting equation for 
AH* is 


Nz,z,(. @logD\[1 x(+xa,) 
1* =AH* +—4=- [1 -— 
ak . Ds sg log T]} Lr (1+x«a,)? 


(AH* is the hypothetical heat of activation when 
J=0 and D=0, r is the radius of the activated 
complex and J the mechanical equivalent of heat). 
Since é log D/é log T = — 1-37 for water, the sign of 
the electrostatic contribution to the heat of activa- 
tion is the reverse of what it would be in a medium of 
constant dielectric constant, and so for a reaction 
between ions of like charge the heat of activation 
should increase as the ionic strength increases. This 
has been verified by Amis & LaMer (1939) for some 
reactions between small ions. They found that the 
predicted relation between AH* and J? held at low 
ionie strength, but that when J>0-01 the slope 
changed sign and AH* decreased quite rapidly. 
Qualitatively the same effects were observed here, 
though the magnitude of the change was much 
greater than the few hundred calories found by 
Amis & LaMer. Further comparison with this 
theory cannot profitably be made without more 
data at low ionic strength, where the Debye 

Hiickel limiting law is valid. 


Dissociation of the inhibitor—trypsin 
compound at acid pH 
Earlier observations (Kunitz & Northrop, 1936; 
Green & Work, 19536), showing that the inhibitor— 
trypsin compound dissociated in the region of pH 3, 
suggested that combination did not occur unless 


k’ (1./mole/sec.) 


log 











36 Jj l 1 i J l | | 1 
324 328 3:32 336 340 344 348 352 356 360 
10°x 1/T 
Fig. 5. Effect of temperature on the rate of the inhibitor— 
trypsin reaction at differentionic strengths. A, J =0-0085; 
g, J =0-0095; 0, J =0-035; O, J =0-106. 


KINETICS OF THE INHIBITOR-TRYPSIN REACTION 413 


certain carboxyl groups were negatively charged. In 
order to obtain some idea of the number of such 
groups involved, a preliminary study was made of 
the effect of pH on the dissociation constant of the 
compound. 

In most of the experiments the inhibitor— 
trypsin compound was prepared from equivalent 
amounts of inhibitor and trypsin (10~->m) in 0-002 m- 
borate buffer, pH 7-9, in the absence of Ca?+ ions. 
The solution of the compound was mixed with an 
equal volume of 0-1M-glycine buffer of the desired 
pH and samples were taken at intervals and squirted 
into 0-005mM-BAEE in borate buffer, pH 7-8, con- 
taining 0-01M-CaCl,. The rate of hydrolysis of the 
BAEE measured the amount of free trypsin present. 
Equilibrium constants were calculated from the 
steady values for free trypsin reached after 4 or 
5 hr. These checked well with the constants ob- 
tained by starting from free inhibitor and trypsin 
and following their combination. The resulting 
values of log K; are plotted against pH in Fig. 6. 
The points have not been joined by a line since they 
were not sufficiently accurate to determine the 
shape of the curve. However, it can be seen that in 
the neighbourhood of pH 3 the slope is 2-5. 

This slope is most simply explained by assuming 
that three specific carboxyl groups must be nega- 
tively charged for combination to take place (cf. 
Steinhardt, 1937). If the reaction is written, 

K 
+ +T? = FT, 
and if K,>K,>K, are the apparent dissociation 
constants of the three trypsin carboxyl groups, 
. 
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Fig. 6. Effect of pH on the apparent dissociation constant 
of the inhibitor-trypsin compound at 25°. 





414 N. M. GREEN 1957 


where h is the hydrogen-ion concentration. The 
equation retains the same form whether all the 
carboxyl groups are assumed to be on the same 
molecule or whether there are two on one and one on 
the other. In the latter case, however, the constants 
become composite ones. By differentiating this 
expression with respect to pH the slope of the pH— 
pK, graph is obtained. 





ih 2h? 3h8 
d pK, te a ee mi) 
wall (oo memk..2 ) 
x &&, Eee, 


When h> K, the slope will reach a maximum value 
of 3, and when h=K,>K,>K, the slope will be 
approximately 2-5. Although the theoretical curve 
would not be linear, model caculations show that 
quite a close approach to linearity can be obtained 
over a range of one or two pH units if the relative 
value of K,, K, and K, are appropriate. Accurate 
measurements of K; at lower pH values, where the 
slope should approach 3, are difficult since the 
amount of inhibitor—-trypsin compound present can 
only be found as a small difference between two 
large quantities. However, the data presented here 
are consistent with a reaction scheme in which 
combination between inhibitor and trypsin is 
dependent on the ionization of three specific carb- 
oxyl groups. 


Reaction between the soya-bean inhibitor and trypsin 


Previous experiments had shown that at trypsin 
concentrations of the order of 10-*m this reaction 
was complete in a matter of seconds or less. How- 
ever, by using the methods described above it was 


possible to study the reaction at concentrations of 


10-*m, where the velocity was just measurable. 
The half-time of the reaction was about 4 sec. and 
the second-order velocity constant (25°, pH 7-8, 
I=0-11) was 2 x 10’ 1./mol./sec., about 100 times as 
fast as the pancreatic inhibitor—trypsin reaction. 
The method of stopping the reaction by addition 
of BAEE was checked as described above under 
Methods. It was found that addition of the inhibitor 
(10-§m) after the substrate had no measurable effect 
on the rate for 2 or 3 min. 


DISCUSSION 


Several analyses of the electrostatic contribution to 
the free energy of interaction of charged protein 
molecules have been made (Edelhoch, Katchalski, 
Maybury, Hughes & Edsall, 1953; Steiner, 1953; 
Ehrenpreis & Warner, 1956), and it has often been 
possible to account for most of this quantity in terms 
of coulombic attraction. However, the free energies 
involved have been relatively small (5—6 keal./mole), 


whereas the free energies of formation of the various 
inhibitor—-trypsin compounds are in the neighbour- 
hood of 11—16 kcal/mole. The calculations made so 
far have assumed that the net charge is concen- 
trated at the centre of a spherical protein molecule. 
While this may be adequate for long-distance inter- 
actions or even for non-specific short-distance 
interactions, it is clearly not valid where there is 
close association between specific ionic groups. 
When local-charge distribution permits such 
association there are several new factors which 
must be taken into account. In particular, the 
effective dielectric constant will be much lower than 
that of water in bulk owing to orientation of the 
water molecules in the intense electrostatic field 
(Waugh, 1954). For example, if two charged groups 
approach within 5A of each other the effective 
dielectric constant may be as little as one-tenth of 
that in the bulk of the solution. In such a case the 
interaction energy would be about 8 kcal./mole. 
Since it is likely that three such pairs are involved in 
the combination of the pancreatic inhibitor with 
trypsin, binding of this type would be adequate to 
explain the observed equilibrium constant and 
would account for the apparently electrostatic 
nature of the forces holding inhibitor and trypsin 
together in spite of their similar net charges. 
Although this combination of long-range electro- 
static repulsion with specific short-range electro- 
static attraction could give a potential-energy curve 
which goes through a maximum as the molecules 
approach each other, nevertheless it would be 
impossible to explain the observed kinetic constants 
in terms >f such a simple mechanism. In the first 
place, owimg to the low inverse power of the distance 
governing coulombic interactions, this potential- 
energy maximum would be about 10—20A from the 
molecular surface, and would therefore reduce the 
collision number rather than increase the activation 
energy. The number of effective collisions would be 
still further reduced by the stringent steric require- 
ments for combination between three specific pairs 
of groups. Both these factors would be expected to 
produce a large negative entropy of activation, 
contrary to the experimental findings. 
Unexpectedly positive entropies of reaction 
(Edelhoch et al. 1953; Doty & Myers, 1953; Steiner, 
1954) and activation (Edsall, Maybury, Simpson & 
Straessle, 1954) for associations between protein 
molecules have been observed on several occasions; 
in fact they appear to be the rule rather than the 
exception. They have usually been explained by 
postulating an increase in solvent entropy when 
water molecules are displaced from the combining 
protein surfaces. A similar assumption was made by 
Eisenberg & Schwert (1951) to explain the high 
positive heat and entropy of denaturation of 
chymotrypsinogen. In the same way this postulate 





Ve 
mé 
en 


al 
ap 
sin 
me 
hy 
cu 
act 


po 
an 
—) 
hy 
bo 
fol 


is | 
ar 
m« 
in] 


an 











Vol. 66 
may be invoked here to account for both the positive 
entropy and the heat of activation, which is high for 
a reaction in which formation of electrostatic links 
appears to be the primary result. If assumptions 
similar to those of Eisenberg & Schwert (1951) are 
made concerning the magnitude of the heat of 
hydration, then displacement of ten water mole- 
cules from the two proteins would be sufficient to 
account for the heat of activation. 

The increase of rate constant with ionic strength 
(Fig. 4) shows that electrostatic repulsion con- 
siderably reduces the rate of combination of in- 
hibitor and trypsin. Although, as we have just seen, 
this repulsion cannot account for the kinetic 
constants of the reaction it may well explain the low 
rate relative to that of the other inhibitor—trypsin 
reactions. For example, the preliminary results 
given above show that the soya-bean inhibitor 
reacts about 100 times faster than the pancreatic 
inhibitor (J=0-1). Calculations from the equation 
used in deriving the curve of Fig. 4 show that a 
negative charge of three units on the soya-bean 
inhibitor at pH 7-8 would be sufficient to account 
for the difference in rate constant between the two 
reactions, assuming that other factors affecting the 
reaction are unchanged. Since the isoelectric point 
of the soya-bean inhibitor is at pH 4:5 (Kunitz, 
1947), a charge of this magnitude would be quite 
reasonable. If this interpretation is correct the 
reaction between trypsin and the soya-bean in- 
hibitor should have a heat of activation of about the 
same magnitude as that with the pancreatic in- 


hibitor and a considerably more positive entropy of 


activation. 

Aithough no direct mention has been made of the 
possibility of hydrogen bonding between trypsin 
and inhibitor, electrostatic interaction between 
-NH,* and -—CO,~ probably implies simultaneous 
hydrogen-bond formation. Other types of hydrogen 
bond may also be involved, but there is no evidence 
for or against such an assumption. 


SUMMARY 


1. A potentiometric method of high sensitivity 
is described for following reactions in which H™ ions 
are liberated or absorbed. It has been used to 
measure the extent of dissociation of the pancreatic 
inhibitor—trypsin compound. 

2. The kinetics of the reaction between trypsin 
and the pancreatic inhibitor has been followed as a 
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function of ionic strength and temperature at 
pH 7:8. 

3. The effect of ionic strength on the rate at 25° 
was in accord with the Bronsted—Bjerrum theory 
for reaction between ions of like charge, values of 
the net charge derived from analytical data being 
used. 

4. The interpretation of the heats and entropies 
of activation is discussed in terms of current theories 
of protein interaction. 


The author wishes to thank Dr G. Weber for helpful 
advice and discussions. Thanks are also due to Mr G. 
Fletcher and Mr A. Pampling for help with the construction 
of the apparatus. 
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Protease Inhibitors from Ascaris lumbricoides 


By N. M. GREEN* 
Department of Biochemistry, University of Sheffield 


(Received 19 November 1956) 


Ascaris lumbricoides in its natural habitat is subject 
to attack by a number of destructive enzymes, 
against which it possesses effective defence. It has 
long been known to produce inhibitors of pepsin and 
trypsin (e.g. Mendel & Blood, 1910) and these have 


been partially purified by methods suitable for 


protein fractionation (Collier, 1941). No inhibitor of 


chymotrypsin has been described, though the work 


of Mendel & Blood (1910) indicated the presence of 


such a substance. They found almost complete 
inhibition of a crude pancreatic proteinase prepara- 
tion by Ascaris extracts, and in particular they 
showed that the milk-clotting activity, now attri- 
buted to chymotrypsin, was inhibited. The direct 
experiments made here on chymotrypsin activity 
confirmed the presence of such an inhibitor. Since 
several naturally occurring trypsin inhibitors also 
inhibit chymotrypsin to some extent (Wu & 
Laskowski, 1955) it was interesting to know if there 
were two independent inhibitors or only one. The 
nature of the interaction between the trypsin and 
inhibitor also required investigation, since the data 
of Collier (1941) suggested that it differed from the 
other inhibitor—trypsin reactions in being non- 
stoicheiometric. 

This work had to be abandoned before it was 
completed and the experiments were made with 
rather crude inhibitor preparations. However, 
since there was no likelihood of continuing it further 
it was thought worth while to present the results so 
far obtained. 

EXPERIMENTAL 

Materials 
Worthington trypsin was dialysed and freeze-dried. Its 
concentration was determined spectrophotometrically, the 
factor 0-64 being used to convert optical density at 280 mu 
into mg. of trypsin/ml. (Green, 1957). Worthington chymo- 
trypsin, containing about 50% of MgSO,, was used without 
further treatment. The factor 0-50 was used to obtain protein 
concentration from optical density at 280 mp (Northrop, 
Kunitz & Herriott, 1948). Liver esterase was purified from 
acetone-dried powdered horse liver by the method of Burch 
(1954) as far as the (NH,),SO, fractionation stage. The 
specific activity of the dialysed, freeze-dried material was 
50 units/mg. of N, indicating an active esterase content of 
10%. 


* Present address: Department of Chemical Pathology, 
St Mary’s Hospital, London, W. 2. 


Benzoyl-L-arginine ethyl ester hydrochloride (BAEE) 
was prepared as described by Schwert & Eisenberg (1949). 
N-Acetyl-L-tyrosine ethyl ester (ATEE) was prepared as 
described by Kaufman, Neurath & Schwert (1949). 

Ascaris trypsin inhibitor was partially purified by the 
method of Collier (1941), with a few modifications. The body 
walls of 10 female Ascaris lumbricoides were dissected away 
and the internal mucilaginous coat was removed by scraping. 
The remaining muscular layers were chopped into fine 
pieces with scissors and minced in a Waring Blendor for 
2 min. with 50 ml. of 1% (w/v) KCl. The cloudy suspension 
was filtered and the filtrate brought to 0-3 saturation with 
solid (NH,),SO,. The ppt. containing the pepsin inhibitor 
was spun down and rejected. The supernatant was brought to 
0-8 saturation with solid (NH,),SO, and the ppt. centrifuged 
and dissolved in a little water. An equal volume of 5% (w/v) 
trichloroacetic acid was added and the solution heated to 
80° for 5 min. After cooling, the pH was adjusted to 3 and 
(NH,),SO, added to 0-8 saturation. The ppt. was centrifuged, 
dissolved in a little water and dialysed for 24 hr. against 
distilled water with stirring. About 5-10% of the inhibitor 
activity was lost on dialysis. The glassy solid obtained on 
evaporation of the dialysed solution was used without 
further treatment for the experiments described below. 

Ten Ascaris gave about 120 mg. of this material. It 
contained only 1-6 % of nitrogen and gave turbid solutions, 
presumably on account of a high glycogen content, pre- 
viously noted by Collier (1941). 


Methods 

Trypsin and chymotrypsin esterase activity was deter- 
mined by continuous potentiometric titration with the 
apparatus described in a previous paper (Green, 1957). The 
trypsin-reaction mixtures were similar to those described 
there. The chymotrypsin-reaction mixtures were also 
similar, except that the CaCl, concentration was 5 mm and 
the substrate was 8 mm-ATEE. Liver esterase activity was 
determined in 2 mm-phosphate buffer, pH 7-4, containing 
0-1M-KCl and 0-4% of ethyl butyrate as substrate (Burch, 
1954). All measurements were made at 25°. 

Proteinase activity was determined at 25° with a casein 
substrate (Kunitz, 1947). 


RESULTS 


The preparation described above was tested for 
inhibitory activity against trypsin and chymotryp- 
sin with both esterase and proteinase methods. The 
effect on the esterase activity of the two enzymes is 
shown in Fig. 1. The inhibition of chymotrypsin was 
practically stoicheiometric; measurements in the 
neighbourhood of the equivalence point indicated 
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Table 1. Simultaneous inhibition of trypsin and chymotrypsin by partially purified extract of Ascaris 


Concentration of CaCl, was 10 mm. The concentration of 2-amino-2-hydroxymethylpropane-1:3-diol (tris) buffer was 
varied from 0-1 to 5 mmo, depending on the magnitude of rate to be measured. 


Enzyme 
Trypsin (1-04 x 10-7) 
Chymotrypsin (1-07 x 10-7m) 
Trypsin and chymotrypsin 
(concentrations as above) 


Ag.) 


oy 
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| 
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Te ey ae 4 10 11° 12 

Inhibitor N (y g.) 

Fig. 1. Effect of Ascaris inhibitor on the esterase activity 
of trypsin, A (trypsin, 1-04x10-7m; BAEE, 2 m™; 
2-amino-2-hydroxymethylpropane-1:3-diol (tris) buffer 
0-2 mm; CaCl,, 2mm), and chymotrypsin, O (chymo- 
trypsin, 1-07 x10-7m; ATEE, 8 mm; tris buffer, mm; 
CaCl,, 5 mm). The appropriate substrate was added after 
6 min. incubation of enzyme and inhibitor and the 
residual enzyme activity (expressed here as pg. of enzyme 
nitrogen) was determined. 
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a low dissociation constant of the order of 10-12. 
The inhibitor-trypsin compound was much more 
highly dissociated, partially confirming the results 
of Collier (1941), although the departure from 
stoicheiometry was much less than that which he 
observed. The dissociation constant calculated from 
the curve in Fig. 1 was 3 x 10-°m. However, the true 
value is probably somewhat lower than this since 
only 6 min. were allowed for the system to come to 
equilibrium before addition of the substrate. A few 
experiments allowing 20 min. for the combination 
indicated a value of 0-5x10-®m. The inhibitor— 
trypsin combining ratio was determined by extra- 
polating the linear portion of the curve obtained at 
low inhibitor concentrations to zero trypsin activity. 
The amount of inhibitor nitrogen equivalent to 
1 mg. of enzyme nitrogen was 3-2 mg. for chymo- 
trypsin and 2-0 mg. for trypsin. Similar curves and 
equivalent weights were obtained when the pro- 
teinase activities were measured. If one assumes 
equimolecular combination between enzyme and 


27 





Activity (m-moles/I./min.) 








aad Sw —_— 
ll pg. of 
Substrate No inhibitor inhibitor N 
BAEE (2 mm) 0-142 0-011 
ATEE (8 mm) 1-10 0-029 
BAEE and ATEE 1-27 0-057 


inhibitor in both cases, these figures suggest that 
inhibition is caused by two different inhibitors 
present in different amounts. This was confirmed by 
experiments in which inhibitor was added to 
mixtures of both enzymes with their respective 
substrates (Table 1). Sufficient inhibitor was added 
to inactivate almost all the chymotrypsin present. 
Then, if there were only a single inhibitor able to 
combine with either enzyme, there should be no 
inhibition of trypsin added subsequently. The figures 
show that both enzymes were inhibited and there- 
fore that there were two independent inhibitors 
present. Further evidence in favour of this con- 
clusion came from experiments with the 0-8 
saturated (NH,),SO, precipitate before precipita- 
tion with trichloroacetic acid. It was found that at 
this stage of the purification the trypsin-inhibiting 
activity was only half the chymotrypsin-inhibiting 
activity, indicating two inhibitors, one of them 
(chymotrypsin) inactivated by 2-5% trichloro- 
acetic acid at 80°. No attempts were made to 
separate them. 

The effect of the crude extract of body wall on the 
digestion of casein by ficin was tested. There was no 
detectable inhibition. 


Rate of combination of enzyme with inhibitor 


In experiments where the inhibitor was added to 
the enzyme after the substrate the initial rate was 
the same as that in the absence of inhibitor, but it 
progressively decreased owing to displacement of 
substrate by inhibitor. In this respect the type of 
inhibition was exactly analogous to that found with 
the pancreatic, soya-bean and ovomucoid inhibitors 
(Green, 1953). The ATEE (K,, 10-*) was displaced 
from chymotrypsin much more rapidly than the 
BAEE (K,, 10°) was displaced from trypsin, 
presumably on account of the higher Michaelis con- 
stant of the former and the consequently greater 
concentration of free enzyme in the system. 

It was found possible to stop the reaction between 
enzyme and inhibitor by addition of the appropriate 
substrate shortly after the start of the reaction, and 
hence to determine the velocity constant for the 
combination. The details of the method used are 
given in a previous paper (Green, 1957). Slight 
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modification was necessary when following the 
inhibitor-chymotrypsin reaction, owing to the 
somewhat rapid displacement of substrate by 
inhibitor. In order to obtain an accurate measure of 
the initial rate at the time of addition of the sub- 
strate it was necessary to eliminate this factor as 
far as possible by using a high ATEE concentration 
to stop the inhibitor-chymotrypsin combination. 
On account of the low solubility of ATEE this had to 
be done by adding 5 ml. of 0-017M-solution to 8 ml. 
of reaction mixture. In this way it was possible to 
obtain the initial esterase rate, and hence the free 
chymotrypsin present when the substrate was 
added, from five or six readings, before there was 
any appreciable decrease in velocity. 

The data for chymotrypsin conformed to the 
normal second-order relation while those for trypsin 
more nearly obeyed that for a reversible reaction 
(Fig. 2), as would be expected from the greater 
extent of dissociation of the trypsin—inhibitor com- 
pound. The experimental points for the trypsin 
reaction deviated considerably from the theoretical 
relation when the extent of reaction exceeded 60 %. 
The rate constants for the two reactions were of the 
same order, that for the reaction with trypsin was 
2-1 x 10° 1./mole/sec. (ionic strength 0-007) and with 
chymotrypsin 1-5 x 10° 1./mole/sec. (ionic 
strength 0-016). The reactions are thus about 40 
times faster than the pancreatic inhibitor—trypsin 
reaction at the same ionic strength. The rate was 
only slightly increased by raising the ionic strength 
to 0-1. There was an approximately 50 % increase in 
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Fig. 2. Kinetics of the reaction between enzyme and in- 
hibitor. A, Trypsin, 0-49 x 10-7m; 2-amino-2-hydroxy- 
methylpropane-1:3-diol (tris) buffer, 0-2mm; CaCl, 
2mm. O, Chymotrypsin, 1-25 x 10-7M; tris buffer, mm; 
CaCl,, 5mm. For chymotrypsin f(x)=1/2, where 2 is 
the concentration of free enzyme. For trypsin, 

iia Sas x,(a? - x2.) 


a(x,—x) ” 


where a is the initial concentration of the reactants and x, 
is the concentration of free enzyme at equilibrium. 
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the rate constant in both reactions under these 


conditions, whereas the rate of the pancreatic in- 
hibitor—trypsin reaction increased sixfold. 


Effect of trypsin inhibitors on liver esterase 

In the early stages of this investigation it was 
thought that both trypsin and chymotrypsin were 
being inactivated by the same inhibitor. This was 
not unreasonable since it was well known that 
several other trypsin inhibitors acted on chymo- 
trypsin (Wu & Laskowski, 1955). This behaviour 
might have been correlated with the similar amino 
acid sequence in the neighbourhood of the serine 
residue of the active centre of the two enzymes 
(Oosterbahn, Jansz & Cohen, 1956). In this event 
some inhibition of liver esterase or acetylcholin- 
esterase might be expected, since they also possess 
this amino acid sequence. Pancreatic inhibitor, 
soya-bean inhibitor, ovomucoid and Ascaris extract 
were all tested against a partially purified liver 
esterase (Burch, 1954), and were found to be 
without any effect at concentrations that could 
conveniently be used (e.g. 5mg. of soya-bean 
inhibitor had no effect on 0-04 mg. of active esterase 
in 5ml.). It therefore seems unlikely that the 
esterase resembles trypsin or chymotrypsin outside 
the immediate neighbourhood of the active centre. 


DISCUSSION 


These experiments show a marked qualitative 
resemblance between Ascaris extract and the other 
trypsin inhibitors. The inhibition is almost stoicheio- 
metric, the reaction between the enzyme and 
inhibitor is rapid and it can be stopped by the 
addition of substrate. Collier (1941) stated that the 
inhibition was unaffected by acid pH, which would 
appear to constitute an important difference from 
the other trypsin inhibitors. However, this point 
requires reinvestigation with synthetic substrates. 
Further purification is necessary to decide the 
chemical nature of the inhibitor, though by analogy 
with the other inhibitors it is probably a small 
protein. This is supported by its insolubility in 0-8 
saturated (NH,),SO, and by the slight loss of in- 
hibitor during removal of salt by dialysis through 
cellophan. m 

The chymotrypsin inhibitor is the first of its type 
to be described, except perhaps for a rather ill- 
defined serum fraction (West & Hilliard, 1949). Its 
behaviour resembles that of the trypsin inhibitors 
and it would be interesting to know whether it has 
any trypsin-inhibiting activity or if it is completely 
specific. It was more readily inactivated by tri- 
chloroacetic acid than was the trypsin inhibitor, 
which suggests that the two inhibitors may differ 
sufficiently to permit ready separation by con- 
ventional methods. 
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SUMMARY 


1. An inhibitor of chymotrypsin has been found 
in extracts of body wall of Ascaris lumbricoides. It is 
inactivated by hot trichloroacetic acid and is there- 
fore different from the trypsin inhibitor from the 
same source. 

2. Both substances inhibit esterase and protein- 
ase activity stoicheiometrically. 

3. The ester substrates temporarily block com- 
bination between enzyme and inhibitor and this 
observation has been used to determine the rate 
constants for the combination. 

4. Both these inhibitors and several naturally 
occurring trypsin found to be 
without effect on activity of horse-liver 
esterase. 


inhibitors were 
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It has been recognized for many years that sub- 
stances other than the normal enzyme substrate 
may act as specific inducers of enzyme formation in 
micro-organisms. Indeed, the fact that in numerous 
instances the product of enzyme action was found 
to be as efficient an inducer as the substrate itself 
was used by Yudkin (1938) as support for his ‘mass 
action’ theory of enzymic adaptation. Studies on 
B-galactosidase synthesis in Hscherichia coli (Monod 
& Cohn, 1952), formation of protocatechuic acid 
oxidase in Neurospora crassa (Gross & Tatum, 1955) 
and maltase production in Saccharomyces cerevisiae 
(Spiegelman & Halvorson, 1954) have shown that 
inducers are not necessarily either substrates or 
specific inhibitors of the enzyme; neither are sub- 
strates nor enzyme inhibitors always active as 
inducers. It appears fairly well established that the 
specificity of enzyme induction is related to, but 
distinct from, the specificity of enzyme function. 

A satisfactory interpretation of the pattern of 
inducer activity and specificity has not yet been 
provided. In the penicillinase induction system of 
Bacillus cereus transient contact with the inducer 
results in a constant rate of enzyme formation at 
a level dependent on the concentration of inducer 
employed (Pollock, 1950). This makes it particularly 
suitable for a quantitative analysis of inducer 
function. A numbér of compounds related to 


penicillin, in particular the cephalosporins N and C 
(see Abraham, 1956), have been so studied during 
the past few years. The results, reported here, have 
shown that the range of inducer specificity for 
penicillinase production is similar to that found 
with other enzyme induction systems, and support 
an earlier hypothesis (Pollock & Perret, 1951) that 
the primary site of inducer action is a specific cell 
receptor analogous to, if not identical with, the 
‘penicillin-binding component’ (PBC) studied by 
several groups of workers in Staphylococcus aureus 
and other penicillin-sensitive bacterial species (see 
Cooper, 1956). 


MATERIALS AND METHODS 


Organism. Most of the work was done with Bacillus 
cereus, strain NRRL 569 (B. cereus 569), but in a few experi- 
ments B. subtilis, strain 749 (B. subtilis 749) was used. 

Medium. ‘S’ peptone broth (Pollock & Perret, 1951) was 
used for growing B. cereus 569; the ‘CCY’ medium of 
Gladstone & Fildes (1940) was used for B. subtilis 749. 

Penicillinase assay. The manometric method of Henry & 
Housewright (1947) was used under conditions employed 
previously (Pollock, 1952). 

Induction tests. In the standard technique (used for all 
experiments unless otherwise stated) cells were allowed to 
grow at 35° on a shaker up,to an opacity corresponding to 
between 0-15 and 0-20 mg. dry wt. of bacteria/ml., 10% 


27-2 





420 


gelatin (Difco: ‘ purified’) solution to a final concentration of 
1% (w/v) was added and the culture distributed in 10 ml. 
lots in 100 ml. conical flasks. At the same time suitable 
quantities of the substances to be tested were added to the 
flasks, and shaking (5 cm. thrust; 120 times a min.) in a 
water bath at 35°. was continued for a further 60 min., 
2-5 ml. samples being removed into chilled 8-hydroxy- 
quinoline solution (see Pollock, 1952) at 30 and 60 min. At 
the same time, a control culture with no added inducer was 
similarly incubated and sampled. The rate of penicillinase 
formation was calculated by subtracting the 30 min. assay 
value from the 60 min. value, and is expressed as a per- 
centage of the rate found with benzylpenicillin as inducer 
at a concentration of 6-0 wg. (= 10 units/ml., or 1-7 x 10-5). 
This latter rate was usually about 300 times the ‘basal’ 
value (i.e. that obtained with no added inducer) and, on an 
average, amounted to 100 units of enzyme (as defined by 
Pollock & Torriani, 1953)/ml./hr. Although some variation 
in this optimum induction by benzylpenicillin did occur 
from day to day, it was possible to compare results in 
different experiments by always including a standard 
culture induced with benzylpenicillin at 6ug./ml. None of 
the substances tested had any significant effect on growth 
(with the exception of benzylpenicillin at concentrations 
above 0-6yg./ml. and cephalosporin C above 10yg./ml., 
both only with B. subtilis 749). 

Some induction tests were done by the ‘cold pretreatment 
technique’ (Pollock, 1950), in which washed cells from a 
logarithmically growing broth culture were suspended, at 
a concentration of 2 mg. dry wt./ml. in 0-01 M-potassium 
phosphate buffer, pH 7-0, containing the inducer, at 0° for 
60 min. The cells were then centrifuged down and washed 
3 times with 3 ml. of dilute buffer or water, resuspended at 
a concentration of 2 mg./ml. and inoculated into broth con- 
taining 1% (w/v) gelatin at an initial cell concentration of 
0-2 mg./ml., and shaken for 60 min. at 35°, samples being 
taken for assay at 30 and 60 min. asin the standard technique. 

Fixation of radiopenicillin. Fixation of radioactivity on 
cells after treatment with *S-labelled benzy!penicillin, 
alone and in the presence of other inducers, was measured by 
the technique previously described (Pollock & Perret, 1951) 
under the same conditions as those employed in the ‘cold 
pretreatment technique’ outlined above. Results are 
expressed as counts/min./mg. dry wt. of cells corrected for 
self-absorption at a standard thickness of 5 mg./sq.cm. 

85S-Labelled benzylpenicillin. This was prepared by 
E. J. Tridgell and H. V. Rickenberg by growing Penicillium 
chrysogenum, strain WIS 48-701, on a medium based on that 
described by Perret (1953). It was extracted by isolating the 
crystalline N-ethylpiperidine salt as described by Smith & 
Hockenhull (1952). Enough carrier-free [*S]sulphate was 
added to give a final specific radioactivity of approximately 
0-2 wc/unit. 

Compounds tested. Benzylpenicillin (sodium salt) was 
obtained from Glaxo Laboratories Ltd. Phenoxymethy]- 
penicillin and n-heptylpenicillin were obtained from Dr J. H. 
Humphrey. Cephalosporin N, cephalosporin C and benzyl- 
penillic acid were gifts from Drs E. P. Abraham and G. G. F. 
Newton. Phthalamidopenicillinate (methyl ester) was a gift 
from Professor J. C. Sheehan. Dethiobenzylpenicillin, 
dimethoxypenaldyl-p.-penicillamine and the straight- 


chain tripeptide N-phenylacetyl-L-cysteinyl-p-valine were 
gifts from Merck and Co. Inc.; and the B-lactam of a«-di- 
methyl-(2-methylthiazolidin-2-yl)acetic acid was a gift from 
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the Shell Development Co. Benzylimidazole was synthe- 
sized by Dr J. Cornforth. The cyclic tripeptide, N-phenyl- 
acetyl-L-cysteinyl-p-valine, was a gift from Dr H. R. V. 
Arnstein and Miss M. Clubb. The benzylpenicilloic acid was 
prepared by methanol extraction of an alkaline hydrolysate 
of benzylpenicillin (Pollock, 1950). 

These substances probably contained only traces of 
impurities, with the exception of the cephalosporin N 
preparations, which varied in cephalosporin N content 
between 30 and 80% (as assayed biologically). Also some 
samples of cephalosporin N may have contained small 
quantities (up to 10%) of cephalosporin C (E. P. Abraham, 
personal communication). The concentrations quoted refer 
to the true cephalosporin N content. The mol.wt. of cephalo- 
sporin C (free acid) was taken as 415 (Newton & Abraham, 
1956). 


RESULTS 
Qualitative tests 


Table 1 summarizes the findings with a number of 
different penicillins and chemically related com- 
pounds. With the exception of cephalosporin C, all 
inducers were substrates for penicillinase and 
showed only slight differences in rates of hydrolysis 
(Abraham & Newton, 1956; Pollock, 1956). 
Cephalosporin C has recently been shown by 
Newton & Abraham (1956) not to be hydrolysed 
appreciably by penicillinase, although it will 
inhibit the hydrolysis of benzylpenicillin by peni- 
cillinase competitively, and must therefore be 
regarded as a specific enzyme complexant. 

All compounds giving negative induction tests 
were also tested at the same concentration, together 
with benzylpenicillin at a concentration of 0-6 yg./ 
ml. In no case was any significant inhibition of 
induction observed. Non-inducers having an 
intact B-lactam ring such that enzymic hydrolysis 
by a reaction similar to that which occurs with 
benzylpenicillin might be expected to liberate an 
acidic group and thus permit simple manometric 
assay in bicarbonate—CO, buffer were also tested as 
(a) substrates for, and (b) inhibitors of, penicillinase 
at up to twice the equivalent molar concentration of 
benzylpenicillin. None of the substances tested, 
however, showed any such activity. 

As with £-galactosidase induction in £. coli 
(Monod & Cohn, 1952) there appears to be no reason 
for believing that different inducers cause any 
changes in the nature of the penicillinase induced. 
For instance, the ratio of the rate of hydrolysis, by 
penicillinase, of heptylpenicillin to that of benzyl- 
penicillin (0-65; see Manson, Pollock & Tridgell, 
1954) was approximately the same whichever of 
these two substances had been used for induction of 
the enzyme. Moreover, cephalosporin C—the most 
‘unusual’ of all the penicillinase inducers—was 
found to induce exactly the same proportion of the 
intracellular y-penicillinase (see Pollock, 1956) as 
did benzylpenicillin. 
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The following conclusions appear justified: 
(1) Penicillinase induction is very highly specific. 
Although modification of the penicillin side chain 
has relatively little effect, any disruption or other 
substitution of the B-lactam—thiazolidine ‘nucleus’ 
completely destroys inducer activity. The only 
possible exception is cephalosporin C, whose exact 
formula is so far unknown. (2) With all compounds 
so far tested there appears to be strict correlation 
between the ability to induce and the ability to com- 
bine specifically with the enzyme. 

Benzylpenicilloic acid, the product of enzymic 
hydrolysis of benzylpenicillin, is totally devoid of 
inducing ability. This is in contrast to the behaviour 
of enzyme products in other induction systems. It 
may therefore be significant that although there 
may be reason for believing that penicilloic acid 
combines specifically with penicillinase, the facts 
indicate that its affinity for the enzyme is extremely 
low. No inhibition of enzymic hydrolysis of benzy1- 
penicillin by benzylpenicilloic acid has ever been 
observed, even with molar concentration ratios of 
10:1 in favour of the latter. The reaction is strictly 
linear until at least 90% of the substrate has been 
destroyed. 

The most interesting of the penicillinase inducers 
are the two cephalosporins. Cephalosporin N has 
been shown to differ from benzylpenicillin only by 
having D-a-aminoadipic acid instead of phenyl- 
acetic acid as a side chain (Newton & Abraham, 
1954; Abraham, Newton & Hale, 1954), but it is 
considerably more hydrophilic and very much less 
active antibiotically than benzylpenicillin against 
Gram-positive bacteria (Heatley & Florey, 1953). 
Cephalosporin C has the same side chain as cephalo- 
sporin N, but differs slightly, though significantly, 
in the so-called ‘nucleus’; this markedly alters both 
its chemical and biological properties (Abraham & 
Newton, 1956; Newton & Abraham, 1956), so that 
it is much more stable in acid (pH 2-0) than benzyl- 
penicillin and is antibiotically even less active than 
cephalosporin N. The inducing properties of these 
substances have therefore been compared quanti- 
tatively with benzylpenicillin and another ‘typical’ 
penicillin (phenoxymethylpenicillin) which is more 
acid-stable than the other penicillins but has 
approximately the same antibiotic activity (Goodey, 
Reed & Stephens, 1955). 


Quantitative tests 
The relative activities of different penicillinase 
inducers at varying concentrations have been com- 


pared graphically in Fig. 1 by expressing the rates of 


induced enzyme formation as percentages of the 
rate found with the optimum benzylpenicillin con- 
centration of 6 wg./ml. 


The curves differ from one another in two, 


apparently quite distinct, respects: 
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Maximal inducing action. The highest rates of 
penicillinase formation induced by benzylpenicillin, 
phenoxymethylpenicillin and cephalosporin N are 
approximately the same, whereas maximal in. 
duction with cephalosporin C is much higher. 

The maximal effect of cephalosporin C varied 
somewhat in different experiments, but was always 
100-250 % greater than that of benzylpenicillin. 
Since cephalosporin C is known not to be destroyed 
appreciably by penicillinase, it was thought possible 
that the higher maximal induction effect might be 
due to its continued presente in the medium during 
the standard induction test, where benzylpenicillin 
is known to be destroyed completely within the 
first few minutes (Pollock, 1952). However, a com- 
parison of the two substances by using the ‘cold 
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Fig. 1. Relationship between concentration of different 
inducers and rate of induced penicillinase formation by 
B. cereus 569, expressed as percentage of the rate obtained 
with benzylpenicillin as inducer, at the optimum concen- 
tration of 6yg./ml. ‘Standard’ technique (see text). 
@. Benzylpenicillin; x, phenoxymethylpenicillin; 0, 
cephalosporin N; A, cephalosporin C. 
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Fig. 2. Relationship between concentration of benzyl- 
penicillin and of cephalosporin C as inducers and rate of 
induced penicillinase formation by B. cereus 569, ex- 
pressed as percentage of the rate obtained with benzyl- 
penicillin as inducer at the optimum concentration of 
6yg./ml. ‘Cold pretreatment’ technique (see text). 
A, Cephalosporin C; — — — -, benzylpenicillin [copied from 
summary of results previously published (Pollock, 1950)]. 
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pretreatment technique’ (where all free inducer is 
removed by washing before induced enzyme pro- 
duction begins) showed the same difference (Fig. 2). 
A simple and satisfactory interpretation of the 
cephalosporin C effect has not been found, and the 
problem is discussed below. 

Concentration of inducer necessary to evoke a given 
rate of enzyme formation. Inducers differ markedly 
in the concentration necessary for a given degree of 
induction, whether this is expressed in terms of 
absolute rate of induced enzyme formation or as 
a percentage of the ngaximal rate attainable. It 
seemed possible that "such differences might be 
expressed loosely in terms of differing ‘affinities’ for 
some sort of induction ‘centre’. 

It has previously been pointed out (Pollock, 1950) 
that the relation between enzyme-formation rate 
and inducer concentration in the penicillinase 
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system is reminiscent of that existing between 
enzymic activity and substrate concentration inter- 
preted by Michaelis and Menten on the basis of a 
reversible combination between enzyme and sub- 
strate. This is illustrated by the fact that if the 
reciprocal of the rate of enzyme formation (ex- 
pressed as a percentage of the maximal rate 
obtained with benzylpenicillin) is plotted against 
the reciprocal of the inducer concentration, the 
points lie approximately on a straight line (Fig. 3). 
Although the theoretical considerations of reversible 
enzyme-substrate complexes cannot strictly apply 
to analysis of the irreversible interaction between 
inducer and cell in the penicillinase system, the 
relationship can be analysed mathematically in the 
same way as that suggested by Lineweaver & 
Burk (1934) for enzyme Michaelis constants, 
and ‘induction constants’ thus calculated. These 
constants (summarized in Table 2) give convenient 
quantitative expression to differences in inducer 
action. They are equal to the concentration of any 
one inducer which gives half-maximal induction 
with that inducer. There is a large difference in 
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Fig. 4. Relationship between concentration of benzyl- 
penicillin (@) and of cephalosporin C (A) as inducers and 
rate of induced penicillinase formation by B. subtilis 749, 
expressed as percentage of the rate obtained with benzyl- 
penicillin as inducer at the optimum concentration of 
6 pg./ml. Standard technique (see text). 





Table 2. ‘Induction constants’ of different inducers of penicillinase production in B. cereus 569 
and B. subtilis 749 


The constants have been calculated in a manner similar to that employed for determination of enzyme Michaelis 
constants (see text), and are equivalent to the concentration giving half-maximal rate of penicillinase formation with each 


inducer, 


Organism Inducer 


B. cereus 569 Benzylpenicillin 
Benzylpenicillin 
Phenoxymethylpenicillin 
Cephalosporin N 
Cephalosporin C 
Cephalosporin C 


B. subtilis 749 


Benzylpenicillin 
Cephalosporin C 


Induction constant 


Technique pg./mol. pM 
Standard 0-21 0-6 
Pretreatment 0-13 0-37 
Standard 0-19 0-49 
Standard 1-22 3°25 
Standard 5-0 11-6 
Pretreatment 5-5 12-7 
Standard 0-0042 0-012 
Standard * 0-50 1-16 
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‘affinity’ between benzylpenicillin and cephalo- 
sporin C, and the position of cephalosporin N is 
intermediate. 

A further comparison of benzylpenicillin and 
cephalosporin C was made, by using the standard 
technique, with B. subtilis 749, and the results are 
summarized in Fig. 4. The findings are of interest 
because, although benzylpenicillin induces at much 
lower concentrations than with B. cereus 569, the 
relative inducing activities of cephalosporin C and 
benzylpenicillin are similar in the two species. 

Evidence has already been provided to show that 
benzylpenicillin induces the formation of penicil- 
linase by first reacting with some specific penicillin 
receptor within or on the cell (Pollock & Perret, 1951). 
If, as seems likely, other inducers react with the 
same receptor, differences in activity could be 
explained on the basis of differences in ‘affinity’ for 
the receptor molecules (as indicated by the varying 
induction constants). This hypothesis predicts that 
an inducer of high ‘affinity ’ (low induction constant) 
such as benzylpenicillin would inhibit induction by 
an inducer of low ‘affinity’, such as cephalosporin C. 
This, in fact, proves to be true, as shown by two 
experiments summarized in Table 3. In Expt. I, 
induction (as measured by the standard technique) 
with a mixture of benzylpenicillin at optimum 
concentration (6 g./ml.) and cephalosporin C at 
suboptimum concentration (10 yg./ml.)—added to 
the culture simultaneously—occurred at a rate 
intermediate between the rates with each inducer 
alone. In Expt. II (with the cold pretreatment 
technique) addition of benzylpenicillin at a concen- 
tration of 6 ug./ml., together with cephalosporin C 
at a concentration (100 yg./ml.) 17 times as great, 
resulted in induction at a rate about two-thirds that 
obtained with cephalosporin C alone, and barely 
significantly higher than with benzylpenicillin 
alone. These results suggest that these inducers 
act, in the first instance, by combination with 
the same receptor. However, further, and more 
satisfying, evidence is provided by experiments 
on fixation of *S-labelled benzylpenicillin by cells 
of B. cereus. 


Inhibition of radiopenicillin fixation 
by the cephalosporins 


It has already been shown (Pollock & Perret, 
1951) that there is a striking similarity, in B. cereus 
569, between the relative rates of induced penicil- 
linase formation and the relative amounts of radio- 
activity irreversibly fixed to the cells, following 
treatment with different concentrations of *S. 
labelled benzylpenicillin. A benzylpenicillin ‘fixa- 
tion constant’ for B. cereus 569 can, in fact, be 
calculated in the same way as an induction constant 
by measuring the slope of the straight line obtained 
by plotting the reciprocal of the amount of radio- 
activity fixed/mg. dry weight of cells against the 
reciprocal of the benzylpenicillin concentration 
(Fig. 5). It has been found to be approximately 
0-17 pg./ml., and this corresponds closely to its 
induction constant. This fact has already been used 
to support the hypothesis that the primary inter- 
action of penicillin as an inducer involves its fixation 
to some specific receptor in the cell. If, as suggested 
above, other inducers react with the same receptor, 
but to an extent corresponding to their greatly 
differing ‘affinities’ for this receptor, they would, 
at any particular concentration, be expected to 
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Fig. 5. Calculation of the ‘fixation constant’ for benzyl- 
penicillin on cells of B. cereus 569 by plotting the re 
ciprocal of the **S-labelled benzylpenicillin concentration 
used for treating the cells against the reciprocal of thc 
quantity of radioactivity irreversibly fixed (expressed as 
counts/min./mg. dry weight of cells). 





Table 3. Inhibition, by benzylpenicillin, of penicillinase induction by cephalosporin C in B. cereus 569 


Rate of induced 


penicillinase 
formation 
Inducers added (units/ml./hr.) 
‘ Benzylpenicillin, 6 yg./ml. 127 
‘enhalosporin C 5 115 
Expt. I (standard technique) 5 een : 10 ng./ml. cnaied 
| enzylpenicillin (6 wg./ml.) | 177-5 
+cephalosporin C (10 yg./ml.) J 
| Benzylpenicillin, 6 wg./ml. 109-5 
a are é schnione) | Cephalosporin C, 100 yg./ml. 167-5 
Expt. II (pretreatment technique) - Benzylpenicillin (6 ug./ml.) , ian 


+ cephalosporin C (100 yg./ml.) | 
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inhibit the fixation of radiopenicillin to a degree 
determined by these ‘affinities’. 

Table 4 summarizes the results of all the radio- 
penicillin fixation experiments (unfortunately 
limited by supplies of the two cephalosporins) that 
it was possible to do. At the low concentrations of 
radiopenicillin employed, the proportion of ‘non- 
specific’ fixation of radioactivity [due either to 
trace non-penicillin sulphur impurities in the radio- 
penicillin preparation or to fixation of penicillin on 
some other non-specific receptor site (see Pollock & 
Perret, 1951; Pollock, 1953a)] amounted to less than 
10% of total radioactivity fixed, and has been 
ignored. 

It is clear that both cephalosporin N and cephalo- 
sporin C inhibit the fixation of benzylpenicillin, 
but to very different extents. The most plausible 
explanation is that they combine—but, at equivalent 
concentration, to a different degree—with the same 
receptor substance within the cell as that which 
fixes benzylpenicillin. Relatively high concentra- 
tions of both substances are needed in order to 
produce significant inhibition of benzylpenicillin 
fixation, and even a molar ratio of cephalosporin C/ 
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benzylpenicillin of about 1000:1 inhibited fixation 
by only 50%. As controls, it can be seen that the 
non-inducer benzylpenillic acid at a concentration 
(100 pg./ml.) equivalent to the highest concentra- 
tion of cephalosporin C employed caused no 
significant inhibition (in confirmation of findings by 
Daniel & Johnson, 1954), whereas phenoxymethy]- 
penicillin (which has the same induction constant as 
benzylpenicillin) almost completely inhibited fixa- 
tion at a concentration of 10 »g./ml. 
Benzylpenicillin-fixation inhibitor constants of 
the cephalosporins can be calculated in a manner 
similar to that suggested by Dixon (1953) for the 
determination of K; (enzyme-inhibitor constant) by 
plotting the reciprocal of the quantity of benzy]- 
penicillin sulphur fixed on the cell against concentra- 
tion of inhibitor, at varying concentrations of 
benzylpenicillin. It must, however, be admitted 
that the fixation figures are subject to considerable 
errors, particularly at low concentrations of radio- 
penicillin, and agreement was not always very good. 
Such a plot indicated that the inhibition of fixation 
by cephalosporin N is of the competitive type, and 
that by cephalosporin C probably so. The fixation 





Table 4. Inhibition of the fixation of radiopenicillin on cells of B. cereus 569 by cephalosporins N and C 


Cells were treated at 0° for 30 min. at a concentration of 2 mg. dry wt./ml. in 5-0 ml. of 0-01 M-potassium phosphate 
buffer, pH 7-0, containing the radiopenicillin and additions. They were then centrifuged, washed three times, dried, 
weighed and counted (see text for full details). Standard errors of counts are given in parentheses. 


Amount of 
radioactivity fixed 


Conen. of Additions after treatment for 
358labelled ———————— ey 30 min. at 0 
benzy!penicillin Conen. (counts/min./mg. 
(ug./ml.) Compound (wg./ml.) dry wt. of cells) 
0-048 Nil - 5-97 (0-32) 
Phenoxymethylpenicillin 10 0-37 (+0-02) 
Cephalosporin N 6-25 2-88 (+0-17) 
Cephalosporin N 12-5 1-43 (+0-13) 
Cephalosporin N 18-75 2-21 (10-14) 
Cephalosporin C 40 7-85 (40-39) 
Cephalosporin C 70 3-94 (10-22) 
Cephalosporin C 100 3-13 (+0-17) 
0-06 Nil aie 7-19 (+0-24) 
Benzylpenillic acid 100 7-00 (+0-24) 
Cephalosporin N 25 2-22 (10-12) 
Cephalosporin N 100 1-27 (40-15) 
Cephalosporin C 1 6-95 (+0-46) 
Cephalosporin C 10 6-21 (40-48) 
Cephalosporin C 100 5:27 (40-42) 
0-096 Nil an 9-70 (0-45) 
Phenoxymethylpenicillin 10 0-70 (+0-01) 
Cephalosporin N 6-25 5-22 (40-26) 
Cephalosporin N 12-5 4-75 (+0-22) 
Cephalosporin N 18-75 1-44 (+0-12) 
Cephalosporin C 40 7:50 (0°12) 
Cephalosporin C 70 6-04 (40-18) 
Cephalosporin C 100 5-30 (40-26) 
0-60 Nil = 14-7 (40-29) 
Cephalosporin C 1 18-5 (+0-27) 
Cephalosporin C 10 16-8 (40-31) 
Cephalosporin C 100 14°6 (-+.0-29) 
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inhibitor constants so determined can obviously be 
regarded only as crude approximations; but they 
do indicate the very low ‘affinity’ of cephalosporin 
C and the intermediate positon of cephalosporin N. 
The values, given in Table 5, are compared with 
those of the constants indicating the absolute and 
relative ‘affinities’ for the induction receptor and 
for the enzyme itself, together with the range of 
antibiotic activities of the three compounds against 
various species of Gram-positive bacteria. 


DISCUSSION 


These results support the contention that the 
primary interaction between inducer and _ cell 
involves combination with a specific receptor. 
Differences in activity of various inducers appear to 
be largely explicable on the basis of differences in 
‘affinity ’ for this receptor. The interpretation of the 
word ‘affinity’ in this connexion must be tempered 
by emphasizing that it is simply a convenient way of 
expressing the over-all relation between low concen- 
trations of inducer and their quantitative effect, 
either on rate of induced enzyme production or on 
irreversible fixation on the cell. This effect must 
obviously be the end-result of a number of different 
factors, such as rates of penetration into the cell and 
rates of possible destruction within the cell, and 
cannot be strictly compared with true affinity rela- 
tions between soluble enzymes and their substrates. 
The fact that penicillinase inducers are all either 
enzyme substrates or competitive enzyme in- 
hibitors, and vice versa, shows that the specificity 
range for combination with the receptor is broadly 
very similar to that for combination with the 
enzyme itself. This suggests that the specific com- 
bining groups of the penicillin receptor and of 
penicillinase may be structurally related. However, 
it seems rather unlikely that they are actually 
identical since the ‘affinities’ of benzylpenicillin 
and cephalosporin N for the induction or fixation 
‘centre’ are much higher than their respective 
affinities for the enzyme. In order, therefore, to 
maintain the hypothesis that the specific combining 
groups of the penicillin receptor and of penicillinase 
are identical it would be necessary to introduce an 
assumption that there must be some special system 
responsible for concentrating benzylpenicillin and 
cephalosporin N within a relatively localized area in 
the cell before combination with the receptor. As is 
shown below, there is considerable evidence against 
this possibility, and so far none in its favour. 
Further, the antibiotic activities of the cephalo- 
sporins and penicillins appear to bear some relation 
to their fixation and induction constants. There is 


already good evidence [see particularly the review 
of Cooper (1956) and the work of Eagle (1954)] in 
support of the idea that the sensitivity of micro- 
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organisms to penicillin is, in many cases, directly 
dependent on the amount of antibiotic irreversibly 
fixed to the cells by means of a specific receptor sub- 
stance (penicillin-binding component, PBC). This, 
in turn, may depend on two factors: (a) the quantity 
of receptor present (which determines the sensitivity 
of different strains to the same penicillin); (b) the 
‘affinity’ relationship of the receptor (which 
determines the sensitivity of the same strain to 
different penicillins). Now, Heatley & Florey (1953) 
and Abraham et al. (1954) have reported that 
cephalosporin N shows 17—100 times less activity 
than benzylpenicillin against Gram-positive bac- 
teria, while Abraham & Newton (1956) state that 
cephalosporin C has about 10 times less activity 
than cephalosporin N against Staphylococcus aureus. 
Unfortunately, it is not possible to test the relative 
activities of these substances against B. cereus 
569 independently of the effects of the penicillinase 
which the organisms produce. It can, however, be 
reasonably assumed that the ‘intrinsic’ sensitivity 
of this strain will be of the same order as that of 
B. subtilis and other Gram-positive organisms. 

In antibiotic activity the intermediate position of 
cephalosporin N is apparent, as in induction or fixa- 
tion. Indeed, very approximately, the antibiotic 
activity of all these three compounds is directly 
proportional to their ‘affinity’ for the specific 
penicillinase-receptor substance in the cell. Their 
chemical similarity makes it almost certain that 
their fundamental modes of antibacterial action are 
identical. Thus there is here further support for the 
hypothesis that PBC is the primary cell reactant by 
means of which penicillin exerts its antibiotic effect. 

If it can be accepted, as seems reasonable, that 
the ‘induction receptor’ (as characterized by the 
value of induction constants with different inducers) 
is identical with the ‘fixation receptor’ (PBC), as 
characterized by values of fixation constants with 
different penicillins, it would appear that PBC has 
two distinct functions. Cooper (1956) has attempted 
to equate these two functions by suggesting that 
PBC catalyses the production of a substance, ‘S’, 
which combines with a specific penicillinase pre- 
cursor to form an essential cell metabolite, diverting 
the path of penicillinase synthesis and thus inhi- 
biting enzyme production. He postulates that 
addition of penicillin inactivates PBC so that less 
‘S’ is formed and some of the precursor material is 
thereby released for transformation into penicil- 
linase. Induction of penicillinase is thus necessarily 
coupled with a proportional decrease in the pro- 
duction of a substance essential for cell growth. 
This hypothesis (I) is made unlikely, though not 
excluded, by the fact that maximal induction of 
penicillinase in B. cereus cultures will occur after 
addition of penicillin at concentrations that are 
completely without effect on growth rate. 
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An alternative possibility (II) is that the penicil- 
lin—-receptor complex is further involved in simul- 
taneous but independent metabolic pathways, one 
leading to inhibition of growth and death of the cell 
and the other to penicillinase induction. The possi- 
bility of the penicillin—PBC complex functioning, 
directly or indirectly, as some sort of specific 
catalyst or template for penicillinase formation has 
been discussed previously in consideration of the 
‘organizer’ hypothesis for enzyme induction postu- 
lated by Pollock (19536) and Cohn & Monod (1953). 

A third possibility (IIL) which, in a sense, is a 
special case of the second, would be to regard PBC 
as a penicillin-concentrating site from which the 
penicillin may be subsequently released, perhaps in 
a modified form, to function at specific points within 
the cell in more than one independent reaction. 

On this last view, PBC might be considered as 
a ‘point of entry’ to the cell acting in a manner 
analogous to the ‘ Y’ transporting and concentrating 
system of H. coli, described by Rickenberg, Cohen, 
Buttin & Monod (1956). This ‘Y’ system (‘perme- 
ase’) is stated to be specifically responsible for the 
accumulation of inducers and substrates for p- 
galactosidase in a cell not freely permeable to these 
substances. In other ways, however, PBC functions 
quite differently from ‘Y’. First, the cell structure 
of B. cereus does not appear to offer any barrier to 
the free entry of penicillin, at least so far as the 
action of intracellular penicillinase is concerned 
(Pollock, 1956); whereas Rickenberg et al. (1956) 
claim to have shown that the accessibility of E. coli 
B-galactosidase to its substrate, normally greatly 
restricted in intact organisms, is determined largely 
by the functioning of the ‘Y’ system. Secondly, the 
reaction between penicillin and PBC in B. cereus 
is essentially irreversible (Pollock & Perret, 1951; 
H. V. Rickenberg, personal communication), and 
methyl f-thiogalactoside, accumulated in cells of 
E. coli from the medium as a result of the action of 
‘Y’, is rapidly lost when the methyl] £-thiogalacto- 
side is removed from the surrounding medium. 
Thirdly, penicillin fixation in B. cereus is unaffected 
either by addition of 20 mm-sodium azide (H. V. 
Rickenberg, unpublished observations) or by dis- 
ruption of cell structure (Pollock, 1953a), in contrast 
to the ‘Y’ system of FE. coli, which is almost com- 
pletely inhibited by 20 mm-sodium azide and which 
does not function after damage to cell structure from 
treatment with toluene (Rickenberg et al. 1956). 
Thus in most respects penicillin fixation in B. cereus, 
as in S. aureus, behaves as a non-enzymic chemical 
reaction, whereas the ‘Y’ system of E. coli, which 
apparently requires energy and an intact cell 
structure, appears to function like a continuously 
acting metabolic pump. 

No explanation has been offered for the higher 
maximal induction effect of cephalosporin C. It is 
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unlikely that maximal fixation of cephalosporin C on 
PBC is higher than that of other inducers. The 
quantity of inducer fixed, at optimum concentration, 
is determined by the number of combining sites on 
PBC, and there is good reason for believing, as 
argued above, that these combining sites are 
common to all penicillinase inducers. It is possible, 
though also unlikely, that if inducers are subse- 
quently released within the cell before functioning 
in the specific penicillinase induction system 
(hypothesis III) a non-substrate inducer, such as 
cephalosporin C, might be relatively more stable 
than those other inducers that are liable to attack 
by intracellular penicillinase. It seems more 
probable, however, that the higher maximal in- 
ducing action of cephalosporin C is due to some 
other, unknown property of the molecule, effective in 
the induction mechanism at some point beyond the 
primary reaction with PBC. 

It is clearly impossible to draw any conclusions at 
present on the fate and function of the penicillin— 
PBC complex. An attempt has been made to 
explain some of the properties and relative activities 
of penicillinase inducers on the basis of their 
primary reaction with PBC, but the subsequent role 
of the inducer-PBC complex is a matter for 
speculation. 


SUMMARY 


1. The ability to induce the formation of penicil- 
linase in Bacillus cereus is restricted to compounds 
very closely related to benzylpenicillin; almost any 
modification to the fused f-lactam—thiazolidine 
‘nucleus’ results in complete loss of activity. 

2. Apart from the usual penicillins, the only sub- 
stances found to be inducers were the cephalosporins 
N and C. At high concentrations cephalosporin C 
is the most powerful penicillinase inducer known. 

3. Induction specificity is similar to, but distinct 
from, enzyme specificity. Inducers appear to be 
either enzyme substrates or competitive enzyme 
inhibitors, but their affinities for the enzyme differ 
both relatively and absolutely from their ‘affinities’ 
for the hypothetical induction ‘centre’. 

4. The relative inducing activities of different 
inducers appear to depend largely upon their 
‘affinities’ for a specific penicillin-binding com- 
ponent present in the cell (as studied by their 
ability to inhibit the fixation of *S from *S- 
labelled benzylpenicillin). 

5. The ‘affinities’ of these inducers for the 
penicillin-binding component bear some relation- 
ship to their activities as antibiotics. 

6. The possible functions of the inducer- 
penicillin-binding component complex are dis- 
cussed. 
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The Role of Magnesium in Adrenal Insufficiency 


By D. HINGERTY 
Biochemistry Department, University College, Dublin 


(Received 21 September 1956) 


After injection of magnesium salts into rabbits (Du 
Bois, Albaum & Potter, 1943) or rats (Stoner, 1950) 
there occurs an increase in the adenosine triphos- 
phate content of muscle tissue. This effect of mag- 
nesium, which may be due to inhibition by excess of 
Mg?*+ ions of adenosine triphosphatase or phospho- 
kinases or both, suggests that any condition leading 
to increased magnesium content of muscle tissue 
may lead to severe disturbances in normal function. 
Such an increase in muscle magnesium is seen in a 
number of conditions; in general, changes in muscle 
potassium, whether increases or decreases, are 
paralleled by similar changes in the magnesium 
content (Baldwin, Robinson, Zierler & Lilienthal, 
1952). In adrenal insufficiency therefore one would 
expect an increase in magnesium proportional to 
the increase in potassium usually seen in this condi- 
tion. Such an increase in muscle and plasma mag- 
nesium of adrenalectomized rats was reported from 
this laboratory (Conway & Hingerty, 1946) and 
similar increases in plasma magnesium after 
adrenalectomy were found by Harrop, Soffer, 
Elisworth & Trescher (1933) in dogs, and by 
Zwemer & Sullivan (1934) in cats. 

Among other effects of adrenalectomy seen in the 
above-mentioned group of rats (Conway & Hingerty, 
1946) were an increase in phosphocreatine and a 
marked decrease in hexose esters of muscle tissue. 
These changes were confirmed in later experiments 
(Conway & Hingerty, 1953), and a small rise in 
adenosine triphosphate was also found. The results 
of Albaum, Hirshfeld, Tonhazy & Umbreit (1951) 
also show some increase in adenosine triphosphate 
and phosphocreatine of rat muscle after adrenal- 
ectomy. 

From the above it would appear possible that the 
changes seen in adenosine triphosphate and phos- 
phocreatine (and possibly also those seen in the 
hexose esters) of muscle after adrenalectomy are 
due to the increased magnesium content of the 
muscle found in this condition. To test this hypo- 
thesis, intact rats were injected with magnesium 
sulphate solution to bring the muscle magnesium 
to approximately the same level as that seen in 
adrenal insufficiency, and adenosine triphosphate, 
phosphocreatine and hexose esters of the muscle 
tissue were then estimated. Because of the marked 
depressing effects of increased Mg** ions only short- 
term experiments could be performed; the results, 
nevertheless, appear to be of interest. 


METHODS 


Young, male albino rats of the Wistar strain were used in all 
the experiments. Each rat was injected intraperitoneally 
with MgSO, solution (1 mg. of MgSO,/g. body wt.), controls 
being injected with water. Control experiments were also 
carried out on a group of rats paralysed by intramuscular 
injection of Myanesin [3-(2-methylphenoxy)propane-1:2- 
diol; 500 mg./kg.]. After an interval of about 15-30 min. 
(when the animals had become quiet but before uncon- 
sciousness had set in), the rats were killed and approx. 1 g. 
quantities of muscle were removed quickly to 10% (w/v) 
ice-cold trichloroacetic acid and fractionated as previously 
described (Conway & Hingerty, 1946). Quantities of about 
0-3 g. of muscle were removed to platinum crucibles, dry- 
ashed after treatment with a few drops of 4N-H,SO, and 
dissolved in hot n-HCl. The magnesium was precipitated 
from this solution (after neutralization) by 8-hydroxy- 
quinoline. It was then centrifuged, washed, redissolved in 
3 ml. of 0-5n-HCl and estimated in the Beckmann flame 
photometer at 371 mp. 


RESULTS 


The injected rats showed an average increase in 
muscle magnesium of 23% as compared with an 
increase of 17 % in the adrenalectomized rats. At 
the same time there occurred changes in phospho- 
creatine, adenosine triphosphate and hexose esters 
of muscle which in general paralleled those seen in 
the adrenalectomized animals. These changes are 
shown in Table 1, which includes data obtained in 
the work previously referred to (Conway & 
Hingerty, 1946, 1953). The table also includes data 
for the rats injected with Myanesin. 

The changes in the various phosphate compounds 
investigated may be summarized as follows. 

Phosphocreatine levels are increased in both 
adrenalectomized animals and animals injected 
with magnesium; the adrenalectomized animals 
showed an increase, from 24-7 + 0-27 to 28-1+ 0-44 
(14% increase, P <0-01), and the injected animals 
showed an increase from 24-7 + 0-27 to 26-2 + 0-62 
(6% increase, P 0-02). No significant change is 
seen in the group injected with Myanesin. 

Adenosine triphosphate increases slightly in 
both the adrenalectomized animals (from 19-6 + 0-38 
to 20-3+0-30, P 0-2) and animals injected with 
magnesium (19-6 + 0-38 to 21-2 + 0-58, P 0-02). These 
changes represent increases of 4 and 8% respec- 
tively. There is no significant increase above normal 
in the group injected’ with Myanesin. 
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Glucose 6-phosphate shows the most marked 
changes, the mean value being 6-08 + 0-57 in the 
normal rats, which falls to 1-52+0-34 in the 
adrenalectomized rats (a decrease of 75%, P <0-01) 
and to 3-96+0-44 in the rats injected with mag- 
nesium (a decrease of 35%, P<0-01). The effect of 
the magnesium injection, although marked, is thus 
much smaller than that of adrenalectomy, but this 
is not surprising when one considers the differences 
in experimental conditions, particularly the much 
shorter time of action of the injected magnesium. 
In the group injected with Myanesin the G 6-P falls 
but to a lesser extent (26% decrease, P 0-02). 

Glucose 1-phosphate shows some increase in the 
mean value after adrenalectomy (from 3-05 + 0-21 
to 3-40+0-16, P 0-2) and also after injection of 


Table 1. 


MgSO, (from 3:05+0-21 to 4:16+0-50, P 0-05). 
Here the group injected with Myanesin shows the 
greatest effect, an increase of 54% (P<0-01). 
Fructose 6-phosphate, constituting only a small 
fraction of the total hexose esters, is very markedly 
decreased in the adrenalectomized animals (from 
0-92+0-03 to 0:274+0-04, ie. a fall of 71%, 
P <0-01); in the injected rats, however, the change 
was in the opposite direction, there being a small 
increase from 0-92 + 0-03 to 1-12 + 0-08 (P 0-02). The 
values after Myanesin are not altered significantly. 
The changes seen after adrenalectomy and after 
MgSO, injection are perhaps best illustrated by the 
distribution data (Fig. 1). It appears that there is 
a general parallelism between the effects of adrenal- 
ectomy and of MgSO, injection on the levels of 


Changes in magnesium and in phosphorylated compounds of skeletal muscle of rats 


after magnesium sulphate injections and after adrenalectomy 


Values are given in mg.atoms of Mg or of P/kg. of muscle (wet wt.), followed by the s.e.m. and (in parentheses) the 
number of analyses. Included are results previously obtained for normal and adrenalectomized rats (Conway & Hingerty, 


1946, 1953). 


Phospho- 
Normal Magnesium creatine 
Normal 10-6 +0-24 24-7 +0-27 
(16) (30) 
Magnesium injected 13-1+0-43 26-2 + 0-62 
(14) (18) 
Adrenalectomized 12-4+0-44 28-1+0-44 
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Myanesin injected 24-8 + 0-38 
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re ATP 
£ 
3 
F 
re} 
= 
20 22 24 26 28303234 1418 2226 
3 
z 
E 
Sx 
Pio 
é 
2 
+) 
< 
20 22 24 2628 303234 1441822 26 


Mg-injected 
rats 


20 2224 26 28303234 1418 22 26 


Fig. 1. 


Adenosine Glucose Fructose Glucose 
triphosphate 1-phosphate 6-phosphate 6-phosphate 
19-6+0-38 3°05 +0-21 0-92 +0-03 6-08 0-57 
(28) (27) (29) (21) 
21-2+0-58 4:16+0-50 1-12+0-08 3°96 +0-44 
(18) (17) (17) (17) 
20-3+40-30 3-40+0-16 0-27 +0-02 1-52 +0-34 
(19) (23) (17) (19) 
20-0 +0-60 4-70+0-50 0-88 +0-11 4-50 +0-44 
(15) (15) (15) (8) 
G 6-P F 6-P G 1-P 
0 481216 0040812160 2 4 6 810 
81216 0040812160 2 4 6 8 10 
0 481216 0040812160 2 4 6 8 10 


Frequency distribution of phosphocreatine (PC), adenosine triphosphate (ATP), glucose 6-phosphate (G 6-P), 


fructose 6-phosphate (F 6-P) and glucose 1-phosphate (G 1-P) values for muscles of normal, adrenalectomized and 
magnesium-injected rats. Abscissae (class intervals) are given as mg.atoms of P/kg. of muscle (wet wt.) and ordinates 
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hexose esters and of adenosine triphosphate and 
phosphocreatine in rat muscle, so that the changes 
in these substances after adrenalectomy could be 
interpreted as being secondary (at least in part) to 
the increased magnesium levels seen in this condi- 
tion. As indicated by Stoner (1950), these changes 
may be partly due to the effect of the Mg?* ion in 
eliminating movements during the killing of the 
animals; the generally smaller effect of Myanesin 
suggests that the Mg** ions have another action 
besides a paralysing one. 


DISCUSSION 


The experiments show a certain parallelism between 
the effects of adrenalectomy and of MgSO, injection 
in so far as phosphocreatine is increased in both 
groups of animals and glucose 6-phosphate is 
markedly decreased. Besides the increase in phos- 
phocreatine there appears a very slight increase in 
adenosine triphosphate, as shown by the frequency- 
distribution diagrams. These similarities in the 
effects of excess of Mg?+ ions and of adrenal in- 
sufficiency suggest that magnesium may be the 
connecting link between the inorganic changes seen 
in adrenal insufficiency and certain of the disturb- 
ances of organic metabolism seen in this condition. 
In a previous communication (Conway & Hingerty, 
1953) evidence was advanced for the view that the 
increases in plasma and muscle potassium occurring 
after adrenalectomy were secondary effects, the 
primary effect being renal and presumably associ- 
ated with loss of a normal inhibition by cortical 
hormones of potassium reabsorption. As_ the 
changes in magnesium paralleled closely the changes 
in potassium we may assume that the increases of 
magnesium in plasma and muscle are also secondary. 
Such changes in muscle magnesium might have 
very profound metabolic effects owing to inhibition 
of adenosine triphosphatase activity and con- 
sequent reduction in the utilization of energy-rich 
phosphate. 

An explanation of the effects of excess of Mg?+ 
ions in causing the marked changes seen in the 
hexose esters is less readily forthcoming unless one 
considers that the ions in excess may inhibit also 
other enzymes concerned with the transfer of 
energy-rich phosphate. If such an inhibition of the 
phosphokinases occurred in the muscle after 
adrenalectomy the result would be a decreased 
conversion of glucose into glucose 6-phosphate (and 
glycogen) and a decreased conversion of fructose 
6-phosphate into fructose 1:6-diphosphate. With 
adrenalectomized rats a fall occurs in both glucose 
6-phosphate and fructose 6-phosphate, also (Con- 
way & Hingerty, 1946) in fructose 1:6-diphosphate. 
The glucose 6-phosphate falls also in the animals 
injected with magnesium but here the fructose 
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6-phosphate shows a slight increase. This is ex- 
plicable when the greater glycogen stores of these 
animals are considered ; with adequate glycogen the 
reactions could proceed as far as fructose 6-phos- 
phate, even in the absence of the energy-rich phos- 
phate from adenosine triphosphate, but here a 
blockage would occur since the fructose 6-phosphate 
could not undergo further conversion into fructose 
1:6-diphosphate. In the adrenalectomized rats, on 
the other hand, insufficient glycogen (and blood 
glucose) would be available and consequently both 
glucose 6-phosphate and fructose 6-phosphate 
would suffer depletion. 

Much further information on the effects of excess 
of Mg?* ions on enzyme systems in the living muscle 
is desirable in this connexion; nevertheless, the 
retention of energy-rich phosphate in the phospho- 
creatine and adenosine triphosphate of the muscle 
would provide an explanation for the interference 
with muscular contraction, growth, heat production 
(and other physiological functions dependent on 
readily available energy-rich phosphate) seen in 
adrenal insufficiency. 


SUMMARY 


1. Certain disturbances of carbohydrate meta- 
bolism seen in adrenalectomized rats can be 
brought about by raising the muscle magnesium 
content of intact rats to the level found in adrenal 
insufficiency. 

2. In both conditions there is a marked fall in the 
glucose 6-phosphate content, and there is an increase 
of phosphocreatine. There is also in both conditions 
some increase of adenosine triphosphate. 

3. The evidence is in accordance with the hypo- 
thesis that the increased magnesium levels occurring 
in adrenal insufficiency are largely responsible, 
through inhibition of certain enzyme activities, for 
the metabolic disturbances seen in this condition. 


The author is indebted to Professor E. J. Conway, F.R.S., 
in whose department this work was undertaken, for con- 
tinued interest and advice, and to the Rockefeller Institute 
for Medical Research for a grant-in-aid. 
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Chromatography of Guinea-pig Native Insulin 


By L. GOLDSMITH anp P. J. MOLONEY 
Connaught Medical Research Laboratories, University of Toronto 


(Received 27 September 1956) 


Moloney & Coval (1955) have shown that insulin can 
be extracted from guinea-pig pancreas which is not 
neutralized by anti-insulin induced in the guinea pig 
by injection of ox or pig insulin. Such extracted 
insulin, arbitrarily called ‘native’ insulin, resembled 
endogenous insulin in respect of non-neutralization 
by anti-insulin induced by injecting ox or pig 
insulin into guinea pigs. Guinea-pig native insulin 
was found to differ from ‘altered’ insulin (obtained 
from one batch of guinea-pig pancreas that had been 
stored in the cold for 6 months), which was neutral- 
ized by such anti-insulin. 

We are reporting here properties of guinea-pig 
native insulin and of certain other extracted insulins, 
as revealed by chromatography and by reaction to 
anti-insulin. 


MATERIALS AND METHODS 


Pancreas were obtained from animals as soon as possible 
after death. Guinea-pig and rabbit pancreas were quick- 
frozen within 30 sec. of the death of the animal. Sheep and 
horse pancreas were frozen approximately 20 min. after the 
animals were slaughtered. 

Crude extracts of insulin were prepared by methods 
which were based on the first steps of a salt—alcohol 
procedure (Romans, 1954) or of an acid—alcohol procedure 
(Romans, Scott & Fisher, 1940). Frozen glands were ground 
with solid CO, in a power grinder before being extracted. 
Approximate estimates of potencies were obtained by 
mouse-convulsion assay (Culhane, Marks, Scott & Trevan, 
1929). 

It was found that better yields of guinea-pig insulin were 
obtained by acid-alcohol extraction than by salt—alcohol 
extraction; the latter procedure had been used by Moloney 
& Coval (1955). Extracts of guinea-pig insulin were pre- 
pared as follows: to each 100 g. of ground frozen pancreas 
were added 250 ml. of 92% (v/v) ethanol plus HCl to 
pH 2-2-2-6 and the mixture was stirred at room temperature 
for l hr. Solids were separated by centrifuging, 220 ml. of 
70% (v/v) ethanol was added, the solution was adjusted to 
pH 2-2-2-6 and the mixture again stirred for 1 hr. After 
centrifuging, the two supernatants were combined. To each 
100 ml. of the combined alcoholic extracts were added 
200 ml. of ethyl ether and 60 ml. of HCl-water (pH 2-6). 
The mixture was shaken in a separating funnel and the 
aqueous layer removed. The ether layer was re-extracted 
with 60 ml. of fresh acid water. The combined aqueous layers 
were adjusted to pH 3-5, concentrated to one-eighth to 
one-third of original volume in a Flash-Evaporator (Labora- 
tory Glass Supply Co., New York), and then dialysed against 
HCl-water (pH 2-6) at 1-5° and finally freeze-dried. 


Anti-insulin sera were obtained from the guinea pig, 
rabbit, sheep and horse by inoculation with crystalline ox or 
pig insulin emulsified in Freund’s adjuvant (Moloney & 
Goldsmith, 1957). 

A reversed-phase method of partition chromatography of 
insulin which was described by Porter (1953) was used. 
Most of the work involved the use of Porter’s system 3 and 
modifications of it. Modified systems were designated 
3A, 3B, ete. 

Fractions of column effluent were collected and optical 
densities at 277 my were read on a Hilger Uvispek spectro- 
photometer. In some cases fractions were also tested quali- 
tatively for insulin by the mouse-convulsion procedure 
(Culhane et al. 1929) after dialysis and concentration by 
pervaporation. 


RESULTS 


Thirty-five lots of guinea-pig insulin were prepared 
from approximately 3600 guinea pigs. Several lots 
of insulin from four species other than the guinea 
pig were also prepared. Yields expressed in units/g. 
of pancreas were approximately 3-5 for pig insulin, 
3-0 for horse, 1-5 for sheep, 0-3 for rabbit and 0-5 for 
guinea pig. 

Neutralization tests on mice (Moloney & Coval, 
1955) were carried out with mixtures of anti- 
insulins and insulins. The tests showed that no 
preparation of guinea-pig insulin was neutralized 
by anti-insulin produced in the guinea pig, horse, 
sheep or rabbit. 

Preparations of crude insulin from the rabbit, 
sheep, horse, ox and pig as well as crystalline ox, pig, 
sheep and monkey insulins were neutralized by 
anti-insulin from the guinea pig, rabbit, sheep and 
horse. 

Chromatography of insulins 


It was found that phase relationships in the 
solvent systems described by Porter (1953) were 
extremely sensitive to temperature changes. 
Separation of the organic phase occurred if the 
temperature of the more aqueous phase rose slightly 
above that of equilibration. For this reason 
chromatographic analyses were carried out at 35° 
in an incubator, the temperature of which was 
maintained to within +0-1°, and spectrophoto- 
metric readings were made at temperatures 21—28°. 

The chromatography of crystalline insulin with 
Porter’s system 3 produced results which were 
similar to those described by that author. However, 
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chromatographic analyses which were carried out 
on crude extracts of pig or ox insulin resulted in poor 
separation of insulin from impurity. Fig. 1 is an 
example of such an analysis. The difference between 
these results and those of Porter is due probably to 
differences in the composition of the phases in 
system 3 at the temperatures employed, namely 35° 
and 20° respectively. 

It was found that the distribution ratio of insulin 
could be raised in favour of the more organic phase 
by increasing the pH of the system. The pH range 
2:8-5:2 was investigated. A total of twenty-six 
solvent systems, which were modifications of 
system 3, were prepared and eight of these were 
used for chromatography. Progressively better 
separations of insulin from impurity were obtained 
as the pH of the system was raised. 


Fig. 2 illustrates the excellent separation of 
insulin from impurity that was obtained with 


system 3Y (pH 5-2). However, since insulin is not 
very soluble in the more aqueous phase of this 
system, only very small amounts could be processed 
by the columns which were used. 

Attempts were made to purify crude guinea-pig 
insulin by the use of Porter’s system 3 (temp. 35°). 
The resulting optical-density curve showed only one 
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Fig. 1. Chromatography of crude pig-insulin extract. 


System 3: 200 ml. of ethyl Cellosolve (2-ethoxyethano)) ; 
100 ml. of butyl Cellosolve (2-butoxyethanol); 720 ml. 
of 1-885m-NaH,PO,; H,PO, to pH 2-8. Column: 6g. 
of silane-treated kieselguhr in tube 1-2 em. internal 
diameter. 
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large peak in the position normally occupied by 
impurity. This is shown in Fig. 3. The results of 
biological assay of each fraction are also shown. 
There was an active insulin peak at about 20 ml. of 
effluent and a trace of activity at about 45 ml. of 
effluent. 

Guinea-pig insulin was then chromatographed in 
system 3Y. The results are shown in Fig. 4. These 
results were quite similar to those obtained with 
guinea-pig insulin in system 3 and were considerably 
different from those obtained with ox insulin in 
system 3Y (Fig. 2). 

The difference in the chromatographic behaviour 
of ox and guinea-pig insulins was clearly demon- 
strated by the results of the chromatography of 
a mixture of these two insulins in system 3 Y (Fig. 5). 
The guinea-pig insulin appeared in the first two 
peaks, neither of which was neutralized by anti- 
insulin serum. The ox insulin appeared in the third 
peak, which was neutralized by anti-insulin serum. 

The chromatography in system 3Y of crude 
extracts of pig, rabbit, sheep and horse insulins 
showed that each of these insulins produced a single 
slow-running peak, as did ox insulin. The elution 
volumes for these insulins varied markedly but 
were in the same range as the elution volumes for 
ox insulin (Figs. 2, 5). 
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Fig. 2. Chromatography of crude ox-insulin extract. 


System 3Y: 200 ml. of ethyl Cellosolve; 100 ml. of butyl 
Cellosolve; 720ml. of 1-885m-NaH,PO,; NaOH to 
pH 5-2. Column was as described in Fig. 1. 
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Fig. 3. Chromatography of crude guinea-pig-insulin ex- 
tract. Solvent system and column were as described in 
Fig. 1. Shaded areas represent the insulin content of the 
effluent as determined by biological assay. 
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Fig. 4. Chromatography of crude guinea-pig-insulin ex- 
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DISCUSSION 


The highest yields of guinea-pig insulin were in the 
order of 0-5 unit/g. of pancreas. These yields were 
considerably lower than yields which were obtained 
from pancreas of the other species, except the rabbit. 
Because of low yields on extraction and _ losses 
during concentration and purification, only com- 
paratively small amounts of guinea-pig insulin were 
obtained from large numbers of guinea pigs. 

In the chromatography of ox, pig, sheep and 
horse insulins under apparently the same conditions, 
there were disturbing variations in elution volumes, 
the cause of which was not determined. There are 
two factors which may have caused these variations, 
namely differences in the packing of columns and 
alterations in pH. The system which was used (3 Y) 
was quite sensitive to pH change; for example, a 
shift in pH of 0-1 unit changed the distribution ratio 
of ox insulin in the order of 15%. However, varia- 
tion in elution volumes does not invalidate the 
conclusion that native guinea-pig insulin is different 
from extracted ox insulin, since a mixture of the two 
can be separated by chromatography. Moreover, 
since pig, rabbit, sheep and horse insulins showed 
chromatograms similar to those of ox insulin, it is 
probable that these also could be separated from 
guinea-pig insulin by chromatography. 


SUMMARY 


1. Guinea-pig insulin was separated by reversed- 
phase chromatography into two fractions, neither 
of which was neutralized by anti-insulin produced in 
the guinea pig or by anti-insulin produced in the 
rabbit, sheep or horse by injection of ox or pig 
insulin. 


~ 


2. Ox insulin and guinea-pig insulin in mixed | 


solution were separated by chromatography. 

3. The hypoglycaemic activity of ox, pig, rabbit, 
sheep and horse insulins was neutralized by anti- 
insulin produced in the guinea pig, rabbit, sheep and 
horse by injection of ox or pig insulin. 

We are grateful to Dr A. M. Fisher for a sample of crystal- 
line monkey insulin, to M. Gross Abattoir for sheep pancreas, 
to Dr Ballard’s Animal Foods Ltd. for horse pancreas and to 
Mr D. Cordwell for technical assistance. We acknowledge 
with thanks financial help given by the J. P. Bickell 
Foundation. 
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Studies on Phospholipids 


1. THE DETERMINATION OF AMINO NITROGEN 
IN UNHYDROLYSED PHOSPHOLIPIDS 


By L. W. WHEELDON anp F. D. COLLINS 
Department of Biochemistry, John Curtin School of Medical Research, 
Australian National University, Canberra, Australia 


(Received 1 October 1956) 


The kephalin content of a fat or tissue has, until 
recently, been estimated from the difference 
between the amounts of total and choline-containing 
phospholipids. In contrast to this indirect pro- 
cedure, several methods for the direct determination 
have recently been described. Those due to Artom 
(1945), Levine & Chargaff (1951) and Axelrod, 
Reichenthal & Brodie (1953) require a preliminary 
hydrolysis of the fat for 3-6 hr. This hydrolysis can 
be dispensed with if a reagent is used which will 
react with the amino groups of the intact fat. 

Lea & Rhodes (1954) have shown that the Van 
Slyke method cannot be applied to intact fats and 
have introduced a sensitive and rapid method based 
on the reaction of ninhydrin with the amino groups. 
This method, however, has some disadvantages and 
it occurred to the present authors that the use of 
1-fluoro-2:4-dinitrobenzene (FDNB) might result 
in the formation of dinitrophenyl derivatives which 
could be used for the study of phospholipids. 
The use of this reagent has been described in 
connexion wiih the isolation of dinitrophenyl 
(DNP) bases (Ellman & Mitchell, 1954), but the 
actual DNP-lipids were not isolated. The method to 
be described provides a means for the direct deter- 
mination of amino nitrogen in phospholipids. It 
depends on the quantitative preparation of DNP- 
lipids and the subsequent measurement of their 
light absorption. 


EXPERIMENTAL 
Reagents 


Diethy] ether and dioxan were dried over sodium before use 
in the presence of FDNB. Benzene was A.R. grade and the 
other solvents were laboratory reagents. 1-Fluoro-2:4- 
dinitrobenzene was distilled to remove traces of non- 
volatile materials. N-Ethylmorpholine and triethylamine 
were fractionally distilled before use. 


Materials 


Dimyristoyl-L-«-kephalin. This compound (85% pure, 
based on P) was kindly supplied by Dr E. Baer (Found: P, 
4:1; N, 2-2. Calc. for C,s3H,,O,NP: P, 4-9; N, 2:2%). 

DNP-ethanolamine. This material was prepared by 
treating 610 mg. (10 m-moles) of ethanolamine, dissolved in 


10 ml. of anhydrous diethyl ether, with 2g. of FDNB 
(11 m-moles) and 2 g. (19 m-moles) of triethylamine. The 
mixture was left at room temperature overnight and the 
excess of FDNB and base were then removed in vacuo 
(0-1 mm. Hg) at 80°. This procedure also removed some 
DNP-ethanolamine, which was volatile under these condi- 
tions. The DNP-ethanolamine was recrystallized from a 
benzene-—diethy]l ether mixture (1:1, v/v). The m.p. was 90° 
(uncorrected; cf. Axelrod et al. 1953). The yield was 1-21 g. 
(53% of theory). 

DNP-serine. This compound (m.p. 195° uncorrected, cf. 
Porter & Sanger, 1948) was prepared by the procedure of 
Sanger (1945). 

Octadecyl 2-aminoethyl hydrogen phosphate. The synthesis 
of this compound was carried out by the method of Baer, 
Maurukas & Russell (1952), octadecanol being substituted 
for a 1:2-diacyl glyceride. The product, obtained in poor 
yields (9-10 % based on the starting material), was used as 
an analogue of a kephalin (Found: C, 58-9; H, 11-0; N, 2-47; 
P, 7-07. CygHyyO,NP requires C, 61-2; H, 11-2; N, 3-57; P, 
7-90 %). The procedure described by Christensen (1940) was 
also used and gave similar results (see p. 437). 

Rat-liver lipids. Fresh rat liver was extracted at room 
temperature with CHCl,—methanol (2:1, v/v), 10 ml./g. 
being used with a Waring Blendor to disintegrate the tissue. 
The mixture was filtered with suction through a sintered- 
glass funnel and the residue re-extracted with a similar 
solvent mixture (5 ml./g.). The suspension was again filtered, 
the residue re-extracted as before and filtered. The combined 
filtrates were taken to dryness in vacuo at a temperature not 
exceeding 30° and the residue was dissolved in diethyl ether. 
The ethereal solution was shaken in a separating funnel with 
about one-fifth of its volume of 0-1N-HCl and sufficient 
ethanol to break any emulsion formed. Altogether the 
ethereal solution was washed twice with 0-1N-HCl and once 
with water. This treatment with 0-1 n-HCl removed amino N 
without altering the P content; the atomic ratio N : P of the 
acid-washed fat was close to unity (1-04+0-04). Plasmalo- 
gens are known to be sensitive to acid (Fairbairn, 1945) but 
under the conditions used there was no detectable formation 
of free aldehydes in the acid-washed fat. The ethereal solution 
of fat was taken to dryness in vacuo, care being taken not to 
heat the solution above 30°. The fat was then dissolved in 
light petroleum (b.p. 40-60°) and stored at — 10°. 

Egg-yolk lipids. These were prepared in a similar manner 
to the rat-liver lipids. 

Ox-brain kephalin. The procedure of Folch (1942), 
CHCl,-methanol being used to fractionate the kephalin, 
was used, and three main fractions and two intermediate 
ones were obtained. The three principal fractions were stated 


28-2 
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by Folch (1942) to be predominantly diphosphoinositide 
(fraction 1), phosphatidylserine (fraction III) and phos- 
phatidylethanolamine (fraction V). All preparations were 
dialysed for 4 days against distilled water as described by 
Folch (1942). Dialysis against water did not, however, 
remove all the amino acids from ox-brain kephalin; only 
after acid washing of an ethereal solution was it free of 
amino acids other than serine, as shown by paper chromato- 
graphy of a hydrolysate. After washing with acid, fraction I 
contained serine but no ethanolamine, fraction III had 
mostly serine but some ethanolamine, whereas fraction V 
had mostly ethanolamine but also some serine. 


Analytical methods 


Amino nitrogen. (Ninhydrin method.) The procedure of 
Cocking & Yemm (1954) was modified for use with phos- 
pholipids, serine being used as a standard. The sample of the 
lipid, usually in light petroleum (b.p. 40-60°), was trans- 
ferred to a 10 ml. graduated tube; the solvent was removed 
by evaporation and 1 ml. of 2-ethoxyethanol was added. 
Additional tubes containing 1 ml. of serine (0-5 pmole/ml.) 
in 2-ethoxyethanol were taken, together with two tubes 
each containing 1 ml. of 2-ethoxyethanol as blank. To each 
tube was added 0-5 ml. of citrate buffer (0-2m, pH 5-0), 
0-2 ml. of 5% (w/v) ninhydrin in 2-ethoxyethanol and 1 ml. 
of KCN solution (1-5 ml. of 0-01M-KCN diluted to 50 ml. 
with 2-ethoxyethanol). The solutions were mixed and the 
tubes covered with glass bulbs to prevent evaporation. They 
were then heated for 30 min. in a boiling-water bath, cooled 
and diluted to 10 ml. with 80% (v/v) aqueous ethanol. 
The extinction was measured at 570 my in a spectro- 
photometer. 

Phosphorus. Total phosphorus was determined on about 
1 mg. of lipid by the method of Berenblum & Chain (1938) 
after digestion with 1 ml. of 70% HCIO,. 

Nitrogen. The lipid was ashed with the digestion mixture 
of Campbell & Hanna (1937) and the NH, distilled in the 
apparatus of Markham (1942). The distillate was collected 
in the boric acid buffer used by Conway (1942) and titrated 
with 0-01 N-HCl. 

Plasmals (fatty aldehydes). The method described by 
Feulgin & Griinberg (1938) was used. An estimate of the 
free aldehyde present in a lipid sample was obtained by the 
use of a 10 min. reaction time in the absence of the HgCl, 
catalyst. 

Choline. The lipid (5-20 mg.) was hydrolysed with 5 ml. of 
a solution containing equal volumes of 6N-HCl and ethanol 
for 18 hr. at 100°. The fatty acids were removed by extrac- 
tion with diethyl ether and the aqueous phase was taken to 
dryness to remove excess of HCI. The residue was dissolved 
in water and the concentration adjusted so that 0-5 ml. 
contained between 0-2 and 2ymoles of choline. The 
choline was determined by a procedure which depends 
upon the precipitation of choline phosphomolybdate 
and which will be described in detail in a subsequent 
paper. 

Ethanolamine and serine. For the determination of the 
total amino bases, a sample of the lipid (containing 5-10 yg.- 
atoms of amino N) was hydrolysed at 100° in 5 ml. of 
5N-ethanolic HCl for 1-3 hr. The fatty acids were extracted 
with diethyl ether and the aqueous phase was taken to 
dryness with a stream of air. Water (2 ml.) was added 
and a 0-5 ml. sample treated with FDNB as described 
below. 


RESULTS 
Studies on the reaction between F DNB and lipids 

Sanger (1945) treated proteins with FDNB in the 
presence of 5% (w/v) aqueous NaHCO, and suffi- 
cient ethanol to dissolve the FDNB. When applied 
to lipids this procedure caused extensive hydrolysis; 
thus only 29% of the DNP-lipid was intact after 
treatment for 18 hr. at 20°, the remainder of the 
DNP compounds being present as DNP-serine, 
DNP -ethanolamine, DNP -ethanolamine - O - phos- 
phoric acid and DNP-serine-O-phosphoric acid. 

It was thus clear that an aqueous system was un- 
suitable. Sodium methoxide in ethanol or ethanol- 
dioxan mixtures was effective in that the reaction 
with the lipid was complete, but the amount of by- 
products not derived from the fat was large and 
difficult toremove. A satisfactory system was one in 
which the lipid, dissolved in diethyl ether or benzene, 
was treated with FDNB in the presence of a tertiary 
base such as triethylamine or N-ethylmorpholine. 

The reaction between FDNB and lipid was 
followed in a spectrophotometer at a wavelength 
where the absorption due to the FDNB and non- 
lipid by-products was low compared with that due 
to the DNP-lipids. Either 420 my or 440 mp was 
suitable, depending on the concentration of lipid. 
The experimental cell contained 3 ml. of a benzene 
solution of rat-liver lipid (7-2 x 10-°m with respect 
to aminophospholipids), FDNB and triethylamine, 
and the compensating cell contained the same com- 
ponents except for the lipid. When the concentration 
of FDNB was 0-023 the time for the completion of 
the reaction varied from 20 min. in 1-4M-triethyl- 
amine to 90 min. in 0-04M-triethylamine. When the 
concentration of FDNB was increased to 0-07M 
(triethylamine remaining at 1-4™m) the reaction was 
completed in 10 min. In the absence of triethyl- 
amine the reaction was extremely slow. 

FDNB and triethylamine reacted to give a 
product which absorbed strongly in the near ultra- 
violet but which could be removed by distillation 
on to a cold finger (see below). In order to facilitate 
the procedure the concentration of triethylamine 
was kept to about 0-1 to avoid excessive amounts 
of this by-product. In the procedure finally adopted 
(see below), there was at least a threefold excess of 
FDNB and a 20-fold excess of triethylamine. Under 
these conditions the reaction was completed within 
2hr. Lipid treated with FDNB as described above 
yielded no purple colour when further treated with 
ninhydrin, thus demonstrating the completeness of 
the reaction between the amino groups and FDNB. 








Removal of the reagent blank 
FDNB and the by-products of the reaction 
absorb strongly in the near ultraviolet and unless 
removed interfere with the determination of DNP- 
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lipids. In acid ethanol the absorption spectra of 
FDNB and the by-products are displaced towards 
shorter wavelengths, and although they still 
absorb strongly at 345 my (the absorption maxi- 
mum of DNP-lipids), the absorption due to the 
reagent blank is low enough at 420 my to permit an 
accurate measurement of the absorption due to the 
DNP-lipid. This procedure has been used but the 
preferred method involves the complete removal of 
the reagent blank; it has the great advantage that 
the sample of dinitrophenyl lipid can be used 
for further investigations, including the determina- 
tion of ethanolamine and serine (to be described in 
a subsequent paper). 

The FDNB and by-products can be separated 
from the DNP-lipids by chromatography on Hyflo 
Super-Cel. This method has been used as a check on 
the results obtained by distillation on to a cold 
finger, which was the method used unless otherwise 
stated. 


Absorption spectra of dinitrophenyl-lipids 


The determination of DNP-lipids depends on an 
accurate knowledge of the molecular extinction 
coefficient at specified wavelengths. This would be 
best measured on DNP derivatives of pure phos- 
pholipids, but such materials were not available. 
DNP-ethanolamine and DNP-serine in ethanol had 
values of « (345 my) equal to 16000 and 16 300 
respectively, but both these compounds lack the 
phosphate group which will influence the value of e. 
Octadecyl 2-aminoethyl hydrogen phosphate was 
synthesized by two different procedures (Baer et al. 
1952; Christensen, 1940) which ensured the presence 
of a 2-aminoethyl-1-phosphoryl group, although 
pure compounds were not obtained. These synthetic 
materials were treated with FDNB and the products 
chromatographed on Hyflo Super-Cel in order to 
obtain fractions in which the ratio of the extinction 
at A,,,,, to the P content was constant (for example, 
see Table 1). The mean value of the molecular 
extinction coefficient (calculated in terms of the 
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atomic concentration of P) at 345 my in light 
petroleum was 16 600+300 (fiducial limits for 
P=0-95 and the seven samples). Rat-liver DNP- 
lipids could not be readily separated from other 
phospholipids by chromatography, and it was not 
possible to measure the molecular extinction 
coefficient on natural materials with the same degree 
of accuracy as on synthetic materials. However, 
one sample of chromatographed DNP-lipid gave 
a value of « (computed in terms of the atomic con- 
centration of P) of 15 500 at 345 mp and 6100 at 
400 mu. 

Measurements at 400my were sometimes 
necessary and the value of the molecular extinction 
coefficient of the synthetic materials in terms of their 
P content was 6200+ 130 (light petroleum) com- 
pared with 6400 (ethanol) for DNP-ethanolamine 
and 6500 (ethanol) for DN P-serine. 


Determination of amino nitrogen with 
dinitrophenyl derivatives 


The following procedure for the preparation of 
DNP-lipids and their estimation is based on the 
foregoing results. 

The sample of lipid (5-30 mg.) is incubated with 
about 100 »moles (1 drop) of FDNB and 0-1 ml. of 
triethylamine in 5-10 ml. of benzene for 2 hr. at 
30°. The solvent and tertiary base are then removed 
by heating the mixture in vacuo (30 mm. Hg) at 80°. 
The excess of FDNB and by-products are distilled 
on to a cold finger at a pressure of less than 0-1 mm. 
Hg and at about 80°. The DNP-lipids are dissolved 
in a known volume of light petroleum and the 
absorption at 345mp (e=16600) or 400 mp 
(e = 6200) is measured. 

For larger quantities of lipid (30-500 mg.) the 
amounts of the reagents are increased proportion- 
ately, and it then becomes necessary to dissolve the 
lipid in light petroleum, which is then distilled off, 
thus exposing a fresh surface of lipid. This process is 
repeated several times during the distillation of the 
FDNB and by-products. The yield of DNP groups 


Table 1. Chromatography of dinitrophenyl derivative of octadecyl 2-aminoethyl hydrogen phosphate 


Octadecy] 2-aminoethyl hydrogen phosphate (509 mg. ; 69 


, pure, based on N content) was treated with FDNB and the 


resulting DNP material was chromatographed on 200 g. of Hyflo Super-Cel. The value of € (345 my, light petroleum) was 
calculated in terms of the atomic concentration of P. Of the total N, 96% could be accounted for in fractions 2-5, which 


possessed well-defined absorption maxima at 345 my. 
Fraction 

no. Eluting solvent 

l Benzene-chloroform (1:1, v/v) 

2 Ethanol-chloroform (1:9, v/v) 

3 Ethanol-chloroform (1:9, v/v) 

4 Ethanol-chloroform (1:9, v/v) 

5 Ethanol-chloroform (1:9, v/v) 


Total eluted 


Amount taken for chromatography 


Wt. P P 
(mg.) (wg.atoms) € (%) 
35 4 153 000 0-3 
192 233 16 000 3-8 
ae 108 16 500 4-4 
257 396 16 700 4-9 
96 111 17 200 3-6 
657 852 ? a = 
676 997 
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per unit weight is independent of the amount of 
lipid treated with FDNB. 

If the lipid contains materials absorbing in the 
region 340-440 my special precautions are neces- 
sary. For example, rat-liver lipids contain vitamin 
A (Ayax, 328 mp) but as this compound does not 
absorb at 400 mp this wavelength can be used for 
the determination. On the other hand, rat-brain 
lipids are free from materials which absorb near 
345 my so that measurement at this wavelength is 
satisfactory. In other cases it is sufficient to sub- 
tract the absorption at 345 my, in the native lipid, 
from that of the dinitrophenylated lipid; this cor- 
rection is usually negligible. 

If the content of amino N is low (less than 5 % of 
the total lipid P) the absorption spectrum should be 
measured and compared with that shown in Fig. 1. 
If the curve is less well defined it may be assumed 
that absorbing materials other than DNP-lipids are 
present. In this case the material should be 
chromatographed on Hyflo Super-Cel, 1g. of 
adsorbent to every 2 mg. of lipid being used. The 
DNP.-lipid dissolved in light petroleum is added to 
the column and the column is washed with CHCl, 
(10 ml./g. of adsorbent). The DNP-lipids form a 
yellow band on the column and are eluted with 
ethanol-CHCl, (1:1, v/v) and the absorption 
spectrum is measured. In some cases the absorp- 
tion curve of the DNP-lipids possessed neither 
@ maximum nor an inflexion at 345myp, and 
clearly the amount of amino groups in these was 
negligible. 


Comparison of the dinitrophenyl method 
with other procedures 
The method described above was compared with 
the ninhydrin method and the results are shown in 
Table 2. In the DNP-method duplicates agree to 
Table 2. Comparison of the ninhydrin and dinitro- 
phenyl methods for the determination of amino 
nitrogen 
Procedures used are as described in the text. 


Ninhydrin 


method DNP method 
(Serine as_ [based on « (400 mp) 
Sample standard) = 6200] 
(ug.atoms/g. of fresh tissue) 
Rat-liver lipid 1 8-9 10-9 
2 10-6 10-9 
3 14-2 15-0 
4 7-2 7:8 
5 11-6 9-4 
6 8-9 8-9 
7 10-5 10-5 
8 16-7 13-2 
9 11-4 10-4 
10 12-0 11:3 
[based on e€ (345 my) 


=16 600] 
(% by wt.) 


Octadecyl 2-aminoethyl 2-55 2-48 
hydrogen phosphate* 
Dimyristoyl-L-«- 1-33 1-62 


kephalinf 
* Total N =2-47%. tT Total N=2-2%. 
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Fig. 1. Absorption spectrum of DNP-kephalin in light petroleum. A sample (3-56 mg.) of ox-brain kephalin was treated 
with FDNB, the excess of reagents removed and the dinitrophenylated material dissolved in 50 ml. of light petroleum. 
The lower curve shows the absorption of the blank, indicating that nearly all had been removed on the cold finger. 





di 


o! 





57 


ny) 


mp1) 


ated 
um. 
ger. 


Vol. 66 


within 2-4 %, whereas in the ninhydrin method the 
agreement is to within 3-0%. Therefore the 
variability (+ 26% to — 18%) in the results cannot 
be due to poor replication; furthermore, as the 
differences are random a constant error can be ruled 
out. In the ninhydrin procedure serine was used as 
the standard, and, as the ratio of the colour yield of 
serine to that of ethanolamine varied from 1-05 to 
1-24, it is possible that the ratio of the colour yield of 
serine to that of kephalin might vary by as much. It 
thus seems likely that the variability in the figures in 
Table 2 is due in part to the lack of a suitable 
standard in the ninhydrin method. 

The amourt of non-choline phospholipids has 
long been used as an estimate of the kephalin content 
of lipids. In a sample of rat-liver lipids the non- 
choline phospholipid (determined as the difference 
between the total P and the choline contents) was 
9-1 umoles/g. of wet tissue. The direct determination 
of amino N by reaction with FDNB indicated 
9-4 pmoles/g. of wet tissue. 

In addition to these comparisons the amino N 
determined directly on the intact lipid and after 
hydrolysis was investigated. The reaction with 
FDNB was modified so that the free bases in the 
hydrolysate reacted readily. To 0-5 ml. of a hydro- 
lysate of a lipid (obtained as described in the Experi- 
mental section) was added 1 ml. of 0-1M-triethyl- 
amine in ethanol and about 100 umoles (1 drop) of 
FDNB; the mixture was heated at 50° for 10 min. 
and taken to dryness in vacuo. The residue was 
acidified with 0-1 ml. of N-HCl and again taken to 
dryness. The residue was made up to volume in 
ethanol and the absorption measured at 420 mp, 
where the molecular extinction coefficient was 
5000. The value of the reagent blank was subtracted 
from this reading. Thirteen samples of egg-yolk 
phospholipid fractions in which the ratio of amino 
N/P varied from 0-79 to 0-024 were analysed by this 
procedure; the ratio of the amount of amino N in 
the hydrolysate to the amount in the unhydrolysed 
fat was 1-02 + 0-04 (fiducial limits for P = 0-95). The 
excellent agreement obtained demonstrates that the 
DNP method for amino N can be applied to either 
intact lipid or hydrolysed material. 


Interfering substances 


Interference with the DNP method for amino N 
can arise either through the formation of a com- 
pound with the amino group which would not then 
react with FDNB or through reaction of FDNB with 
some other functional group where the product 
absorbed at 345my or at 400mp. Aldehydes 
condense with free amino groups to form Schiff’s 
bases, and thus could interfere. Fatty aldehydes 
(plasmals) occur in lipids combined as plasmalogens, 
which are sensitive to acid (Fairbairn, 1945), 
yielding the free aldehydes. Such free aldehydes 
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might combine with some of the amino groups and 
thus partially block the formation of DNP-lipids 
with a concomitant fall in the amino N content. 
Free plasmals could not be detected in the lipids 
studied, and furthermore there was no difference in 
the plasmal content of a lipid before and after 
treatment with FDNB. 

Another possible reaction would be the combina- 
tion of amino groups and acid groups; this cannot be 
excluded but there was no evidence to suggest this. 
Still another means by which the free amino 
groups might be masked is the chelation of a bi- 
valent cation with amino groups in the « position 
relative to a free carboxyl group such as occurs in 
phosphatidylserine. Although treatment with acid 
can be expected to remove cations it was of interest 
to determine whether bivalent cations could inhibit 
the reaction. In a sample of ox-brain kephalin 
(fraction IIT) which had been dialysed against 
water, but not washed with acid, the value of the 
atomic ratio DNP groups: P was 0-28. After 
washing with acid this ratio became 0-61, although 
no P was removed. Folch (1942) found that fraction 
III of his ox-brain kephalin contained 12-8 % of ash. 
It has been found that the addition of bivalent 
cations to acid-washed lipids depressed the yield of 
DNP.-lipids. (1) Copper acetate (15 pmoles dissolved 
in ethanol) was added to some ox-brain kephalin 
(fraction IIT) containing 1-5 umoles of lipid P; the 
yield of DNP-lipid in the presence of copper acetate 
was only 27 % of a similar sample not treated with 
copper acetate. (2) The addition of calcium chloride 
(10 umoles) to a sample of liver lipid containing 
0-23 pg.atoms of amino N caused the yield of DNP 
nitrogen to fall to 83% of the total. These results 
further indicate the desirability of treating the 
lipid with acid. 

FDNB is known to react with hydroxy com- 
pounds to yield products with an absorption 
maximum at 280myz; on a molecular basis the 
extinction at 345 my is about 5% of that of a 
DNP.-lipid at the same wavelength. Octadecanol 
reacted readily with FDNB, but free primary 
alcohols do not occur in lipids except in traces (e.g. 
vitamin A alcohol and lysophospholipids). With 
cholesterol, a secondary alcohol, there was no 
reaction. Whalley (1950) investigated the reaction 
between alcohols and FDNB with triethylamine as 
a catalyst, and stated that primary alcohols react 
readily whereas secondary and tertiary alcohols 
react less readily and frequently require warming. 
In view of the failure to form a DNP derivative of 
cholesterol it is unlikely that inositol, a secondary 
alcohol, would react; this could not be tested as 
inositol is insoluble in organic solvents, and a sample 
of diphosphoinositide was not available. It can be 
concluded that alcohols will not interfere, but in any 
case the DNP derivatives do not possess a maximum 
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in the spectral region where the DNP-lipids exhibit 
maximum absorption. 

Water reacts with FDNB to form 2:4-dinitro- 
phenol, which has an absorption maximum at 
260 mp in light petroleum and at 355 my in 
ethanol. In the presence of acid the maximum in 
ethanol is at 260 mp. These properties provide a 
means for the detection of 2: 4-dinitrophenol, and 
the precautions given in the description of the 
method suffice to eliminate any interference. 

Lecithin did not react with FDNB. In samples 
prepared by chromatography on magnesium oxide 
or on alumina there was some absorption at 345 my 
after reaction with FDNB, but in all cases the 
absorption spectrum indicated either the absence of 
amino N or else amounts of less than 1 %. 


DISCUSSION 


The determination of amino N in intact lipids 
results in a greatly simplified procedure eliminating 
the need for 3-6hr. hydrolysis. The ninhydrin 
method, modified for use with lipids as described in 
the present paper and by Lea & Rhodes (1954, 
1955), is simple and rapid to use but suffers from 
several disadvantages. These defects have been 
recognized in the determination of amino N in 
amino acids and have resulted in modifications of 
the procedure of Moore & Stein (1948) being pro- 
posed. The purpose of these modifications has been 
not only to obtain a more stable reagent and lower 
blanks but also to obtain a higher yield of colour. It 
is always necessary to use a standard, as the yield of 
dioxohydrindamine—dioxohydrindylidene is vari- 
able. In the present investigation the reagent 
(based on that of Cocking & Yemm, 1954) is stable 
for 2 weeks but the blank is always fairly high 
(£=0-1-0-25). It was found that the colour yield 
varied not only with the material (ethanolamine, 
serine or phospholipid) but also with the same 
material over a period of time. Furthermore, the 
ratio of the colour yield of serine to that of ethanol- 
amine is not constant and was found to vary from 
1-05 to 1-24 (see also Levine & Chargaff, 1951), and 
thus it is possible that the ratio of the colour yield 
of serine to that of natural kephalin may also vary. 
It is not practicable to use a synthetic kephalin or 
a purified natural kephalin as a standard as these 
materials are difficult to prepare and are not stable 
(Lea & Rhodes, 1955). 

The reaction of FDNB with free amino groups has 
been much studied since its introduction by Sanger 
(1945) and the reaction with amino acids is quanti- 
tative (Levy, 1954; Isherwood & Cruickshank, 
1954). FDNB reacts only with uncharged amino 
groups and in aqueous solutions the pH has to be 
about 8-9, usually by the use of a sodium bicarbon- 
ate or borate buffer, and under these conditions the 


amino-phospholipids react readily. Treatment of 
phospholipids with 0-2N-alkali at 37° (Dawson, 
1954) results in the splitting off of the fatty acids 
and a high yield of glycerylphosphorylethanol- 
amine, glycerylphosphorylserine and of glyceryl- 
phosphorylcholine. In contrast with this, treatment 
of DNP-lipids with a sodium bicarbonate buffer 
(pH 8) at 20° for 18 hr. gave a high yield of DNP- 
ethanolamine and DNP-serine together with smaller 
amounts of the corresponding phosphorylated 
compounds. This unexpected alkali lability of the 
bond between the base and the phosphorus necessi- 
tated an anhydrous system such as had been used by 
Chapman & Parker (1951), who obtained quanti- 
tative yields of DNP derivatives of aromatic 
amines with triethylamine as a proton acceptor. 
The reaction of lipids with FDNB as described in 
this paper can reasonably be assumed to be quanti- 
tative in view of the results obtained with amino 
acids and amines quoted above. In support of this, 
the present results have shown that the DNP-lipid 
gave no reaction with ninhydrin, indicating the 
completeness of the reaction with FDNB. The 
yield of DNP groups was the same on the 
unhydrolysed as on the hydrolysed fat, showing 
that the aminophospholipids react as readily as 
the free bases. 

The reaction with FDNB and the determination 
of the quantity of DNP-lipids formed gives a direct 
estimate of the free amino N. The correctness of the 
result so obtained can be assessed from the ab- 
sorption spectrum and, if necessary, by chromato- 
graphy. The absorption maximum at 345 my in 
light petroleum is characteristic of the DNP 
derivatives of a phospholipid. DNP-ethanolamine 
and DNP-amino acids which, although insoluble in 
light petroleum may dissolve to a small extent in 
this solvent in the presence of fatty materials, have 
Amax, At 332 mp (diethyl ether—light petroleum, 1:1, 
v/v). On chromatography on Hyflo Super-Cel DNP- 
ethanolamine and DNP-amino acids are eluted by 
chloroform, whereas the DN P-lipids require ethanol- 
chloroform for elution. Thus DNP-lipids can be 
readily distinguished from non-lipid DNP materials. 

Although there is some reaction with primary 
alcohols this is not likely to be important, as free 
primary alcohols exist only in traces in lipids. 
Neither lecithin nor cholesterol interferes, but traces 
of water do, especially with samples with a low 
kephalin content, and the lipid must therefore be dry. 

This method for the determination of amino N on 
intact lipids is sensitive, and as little as 0-02 »mole 
can be estimated. The same sample of DNP-lipid 
can also be used for other measurements, as for 
example phosphorus, fatty acids and the determi- 
nation of ethanolamine and serine (Collins & 
Wheeldon, unpublished work). The reagents are 
stable and a standard is not necessary. 
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SUMMARY 


1. 1-Fluoro-2:4-dinitrobenzene was shown to 
react in the presence of triethylamine with the free 
amino groups of phospholipids dissolved in benzene. 

2. This reaction serves as the basis of a method 
for the quantitative estimation of the free amino 
groups in the phospholipids. The method is con- 
sidered to be more reliable than the ninhydrin 
method in that the reagent is stable, the blank 
negligible and the need for a standard is eliminated. 
As little as 0-02 «mole can be estimated, and 0-1-— 
2:5 ymoles represents the usual range. 

3. Lecithin and other lipids do not interfere but 
with low concentrations of kephalin special pre- 
cautions are necessary. 


Our thanks are due to Mrs M. Labutis for her assistance in 
the experimental work. 
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Studies on Phospholipids 
2. 2:4-DINITROPHENYLKEPHALINS 
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Department of Biochemistry, John Curtin School of Medical Research, 
Australian National University, Canberra, Australia 


(Received 1 October 1956) 


The separation of kephalin* from lecithin can be 
accomplished by solvent fractionation, counter- 
current distribution or by chromatography, but 
clear-cut separations are not easily obtained and 
the procedures are not suitable for use as analytical 
methods. Recently, Lea, Rhodes & Stoll (1955) 
have had some success with a chromatographic 
procedure applied to egg-yolk phospholipids. 

Methods for separating kephalin and lecithin 
depend on differences in solubility or on the firmness 
with which the phospholipids are adsorbed on to 
certain materials. These differences in properties in 
turn depend upon the ionizable groups present in 
the phospholipids, and it occurred to the present 
authors that if it were possible to convert kephalin 
into a non-ionizable molecule, without altering the 
lecithin, the separation of the two should be readily 
effected. 

* Throughout this paper kephalin is taken to mean a 
phospholipid containing a free amino group. 


The reaction of 1-fluoro-2:4-dinitrobenzene 
(FDNB) with the free amino groups (Wheeldon & 
Collins, 1957) to form the non-ionized dinitrophenyl! 
(DNP) groups is suitable, and these products 
possess the further advantage of being coloured, 
thus facilitating chromatography. Lipids treated 
with FDNB are still acidic substances and methy]- 
ation with diazomethane to form the methyl esters 
will convert the kephalins into neutral compounds, 
and in addition Baer & Maurukas (1955) have 
shown that diazomethane is without action on 
lecithin. Therefore a mixture of lecithin and of 
kephalin (phosphatidylethanolamine, phosphatidy1- 
serine and the corresponding acetal phospholipids), 
treated successively with FDNB and diazomethane, 
should be readily separated, as the methylated 
DNP-kephalin would be a neutral non-ionizable 
substance while lecithin would still be fully ionized. 
The present paper describes the development of this 
idea. 
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Materials 


Rat-liver lipids and ox-brain kephalin fractions were 
obtained as described by Wheeldon & Collins (1957). 

Hen egg-yolk phospholipids. The yolks of 10 eggs were 
disintegrated in a Waring Blendor in 2 |. of acetone and the 
mixture was filtered. The filtrate was discarded and the 
residue, after washing with acetone, was extracted with 
500 ml. of CHCl,-ethanol (1:9, v/v) and then three times 
with 200 ml. of ethanol. The extracts were combined, con- 
centrated in vacuo to about 200 ml., filtered and made to 
1 1. with acetone. The acetone-insoluble material (fraction A) 
was filtered off, suspended in a smali volume of ethanol and 
reprecipitated by the further addition of acetone. The ace- 
tone-soluble material (fraction B) in the supernatant after 
the precipitation of fraction A was concentrated in vacuo 
and more acetone added to give a precipitate. Fraction A 
was sparingly soluble and fraction B was freely soluble in 
ethanol. 

To remove the lecithin from these preparations, treatment 
with cadmium chloride was carried out: fraction A was 
dissolved in diethyl ether-ethanol (1:1, v/v) and fraction 
B was dissolved in ethanol; to each solution was added a 
saturated solution of cadmium chloride in methanol until 
no further precipitate was formed. The precipitate from 
fraction A was discarded, as it formed a colloidal solution 
with diethyl ether, but the precipitate from fraction B was 
washed once with diethyl ether and the washings were 
added to the original supernatant. The two solutions were 
concentrated in vacuo, more diethyl ether was added and 
the solutions were washed twice with 0-1N-HCl and once 
with water, to remove cadmium chloride. The solvent was 
distilled off and the lipid was weighed and diluted to volume 
in light petroleum. Fraction A (3-2 g.) contained 3-72% of 
P, 165% of N (atomic ratio N:P=0-98), 0:18% of 
choline N and 0-99% of amino N. Fraction B (6-2 g.) con- 
tained 3-52 % of P, 1-56% of N (atomic ratio N: P =0-98), 
0-87 % of choline N and 0-37 % of amino N. 

The lecithin from egg-yolk phospholipids was precipitated 
with cadmium chloride (as described above) and the 
cadmium chloride—lecithin complex was washed ten times 
with diethyl ether. This preparation of iecithin contained 
3-51% of P, 151% of N and 0-1% of amino N, and the 
atomic ratio N:P was 0-95. 

Rat-liver lipids. These were labelled with *2P and were 
obtained as follows: 4 g. of rat liver was disintegrated in 
0-25M-sucrose with a Potter-Elvehjem homogenizer and 
diluted to 50 ml. The final mixture contained 0-25 M-sucrose, 
5 mm-MgCl,, 4-5 mm-glycerol, 1-7 mm-2-amino-2-hydroxy- 
methylpropane-1:3-diol buffer (pH 7-4), 33 mm-sodium 
succinate, 2mM-adenosine monophosphate and 0-5 mm- 
sodium phosphate (pH 7-4) containing 200 wc as NaH,**PO,. 
This mixture was shaken in air at room temperature for 
2 hr., dried in the frozen state and the lipid extracted from 
the dry material by the procedure described by Wheeldon & 
Collins (1957). 

Synthetic materials. N-2:4-Dinitrophenyl-1-amino-octa- 
decane was prepared by condensing 1l-amino-octadecane 
and FDNB by the procedure described by Wheeldon & 
Collins (1957). The product (m.p. 45-46°, uncorr.) was 
crystallized from light petroleum. The absorption spectrum 
had maxima at 328mp («=18 600, light petroleum), 
330 mp (€=18 600, cyclohexane), 347mp (e=18 600, 


chloroform) and 347 mp (e=17 400, ethanol) (Found: C, 
66-3; H, 9-4; O, 14-8; N, 9-8. C,,H,,0,N, requires C, 66-2; 
H, 9-4; O, 14-7; N, 9°7%). 

A sample of dimyristoy]-L-«-kephalin was kindly supplied 
by Dr E. Baer (Found: P, 4-13; N, 2-2; theory requires P, 
4-88; N, 2-2%). 

N-2:4-Dinitrophenyl-2-aminoethyl octadecyl hydrogen 
phosphate (86% pure based on the P content) was prepared 
and chromatographed on Hyflo Super-Cel as described by 
Wheeldon & Collins (1957). The fraction used in the present 
investigation had an absorption maximum at 345 my and 
«= 16 700, light petroleum, where « was computed in terms 
of the atomic concentration of phosphorus (Found: P, 
4-78. Cyg,H,,0,N;P requires P, 5-55%). 

Diazomethane. This was prepared from nitrosomethylurea 
as described by Arndt (1943). Before use the solution of 
diazomethane in diethyl ether was dried over KOH pellets 
for at least 1 hr. The concentration of diazomethane in this 
solution was determined from the absorption at 410 mp, 
where the molecular extinction coefficient is equal to 3 
(Brinton & Volman, 1951). 

The sample of dinitrophenylated lipid or N-2:4-dinitro- 
phenyl-2-aminoethyl octadecyl hydrogen phosphate was 
dissolved in diethyl ether containing a tenfold excess of 
diazomethane, calculated as pmoles of diazomethane/ 
pg.atom of P. The mixture was left at 20° for 1 hr. and the 
solvent and excess of diazomethane were removed in vacuo. 


Methods 


The methods used for the determination of N, total P, 
plasmalogen and choline and for the preparation of DNP- 
lipids have been previously described (Wheeldon & Collins, 
1957). 

Phosphorus and radioactivity measurements. Radio- 
activities were measured as described by Ennor & Rosenberg 
(1952), except when the specific radioactivity (counts/min./ 
pg-atom of P) was very low. In such cases the radioactivity 
(counts/min.) of the total lipid extract was measured (in 
10 ml. of solvent) in a liquid counter, the counts being 
corrected for the difference in counting efficiencies between 
the solvent used and isobutanol. 

Washing the lipid with 0-1Nn-HCl did not completely 
remove contaminating radioactivity and it was necessary to 
show that the specific radioactivities obtained were not 
influenced by the radioactivity of non-lipid impurities. 
A solution containing both inorganic **P and acid-soluble 
phosphate esters containing *P, but free of lipid P, was 
prepared as follows. Rat liver (1 g.) was disintegrated in 
a Potter-Elvehjem blendor with 0-9% NaCl containing 
about 25 pe of NaH,**PO, (approx. 0-01m, pH 7-4); this 
mixture was kept for 1 hr. at 20° and the protein and lipid 
were precipitated by 2 ml. of ice-cold 5n-HC1O,. The pre- 
cipitate was removed by centrifuging, the supernatant was 
neutralized with 2 ml. of 5N-KOH at 0° and the precipitate 
of KClO, was removed by centrifuging. The clear super- 
natant was diluted to 5 ml., and 3 ml., containing 2-3 x 10° 
counts/min. of inorganic **P and 0-7 x 10® counts/min. of 
esterified *°=P, was emulsified with a solution of rat-liver 
lipids containing 120yug.atoms of P in CHCl,-ethanol 
(3:1, v/v). The mixture was taken to dryness and the residue 
was suspended in diethyl ether. This solution, which con- 
tained 3-1 x 10 counts/min., was washed with 0-1 N-HCl and 
yielded a solution containing 4560 counts/min. and 119 yg.- 
atoms of P. The lipids were then treated successively with 
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FDNB and diazomethane and chromatographed on Hyflo 
Super-Cel (as described below). No radioactivity was eluted 
from the column by light petroleum, CHCl, or ethanol— 
CHCI, (1:9, v/v), corresponding respectively to the neutral 
lipid, ‘328 kephalin’ fraction and the ‘345 kephalin’ 
fraction. The ethanol eluate, corresponding to the choline 
phospholipids, contained 137 counts/min., which was 
equivalent to 2 counts/min./yg.atom of P. 

Ethanolamine and serine. A sample of DNP-lipid (5- 
20 mg.) was hydrolysed by heating with 2 ml. of saturated 
Ba(OH), and 2 ml. of ethanol at 100° for 6 hr. The mixture 
was acidified with 10N-HCl and the fatty acids were ex- 
tracted with diethyl ether. The aqueous phase was taken to 
dryness and bases were extracted from the residue with 
ethanol. The ethanolic solution was removed by decantation 
and evaporated to dryness; the residue was dissolved in the 
minimum volume of 0-1N-HCl and spotted on paper for 
chromatography. The solvent system used was phenol 
saturated with water and known amounts of serine and 
ethanolamine were used as markers in adjacent sections of 
the paper. The bases were located, after chromatography, 
by spraying the paper with 0-5 % (w/v) ninhydrin in acetone. 
This procedure enabled an approximate estimate by visual 
comparison of the relative proportions of ethanolamine and 
serine to be made in a small sample of lipid. 

Fatty acids. The determination of carboxylic esters by the 
hydroxamate method (Shapiro, 1953) could not be applied 
to DNP-lipids and the following procedure has been de- 
veloped (cf. Popjak & Tietz, 1954). The DNP-lipid (about 
5 mg.) was hydrolysed by boiling with 5 ml. of 0-1N- 
ethanolic KOH for 10 min. The hydrolysate was acidified by 
the addition of 0-05 ml. of 10N-HCl and the mixture was 
taken to dryness. The fatty acids were dissolved in diethyl 
ether, which was decanted from the solid residue; this 
extraction was repeated twice. 

In order to remove the DNP materials, which interfered 
with the subsequent titration, the ethereal solution of fatty 
acids was passed through a column (5 cm. x 1 em.) of silica 
gel, which had previously been washed with ethanol and 
then with diethy] ether. The eluate containing the fatty acids 
was taken to dryness and the residue was dissolved in 5 ml. 
of 90% (v/v) aqueous ethanol. A 1 ml. sample was then 
titrated with 0-1N-KOH in a slow stream of nitrogen to 
exclude carbon dioxide and to facilitate mixing. Bromo- 
thymol blue was used as the indicator. The procedure was 
standardized for each batch of samples with known amounts 
of oleic acid. 


RESULTS 
Reaction of dinitrophenyl-lipids with diazomethane 


When a sample of DNP-2-aminoethyl octadecyl] 
hydrogen phosphate (an analogue of DNP-phos- 
phatidylethanolamine), which was sparingly soluble 
in light petroleum, was treated with diazomethane 
the absorption maximum changed from 345 to 
328 mp (both measured in light petroleum, see 
Fig. 1) and the product was freely soluble in light 
petroleum. N-2:4-Dinitropheny]-1-amino-octadec- 
ane with no acidic group has ),,,, at 328 my (light 
petroleum) and therefore the change in the ab- 
sorption maximum from 345 to 328 mp was pre- 
sumably due to the methylation of the acidic group. 
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When a DNP-lipid was methylated the change was 
not so marked (see Table 1 and Fig. 1) and further 
treatment with diazomethane had no effect: the 
implications of this are discussed below. 


Fractionation of methylated dinitrophenyl-lipids 


It was expected that chromatography or counter- 
current distribution would readily separate the 
un-ionized methyl esters of DN P-kephalin from the 
ionized lecithin and that the absorption maximum 
of the methylated DNP-kephalin would be at 
328 mp in light petroleum. In fact, three DNP 
derivatives were obtained and these will be referred 
to as the 328, 345 and 355 kephalins, where the 
figures refer to the value of the absorption maxima 
in light petroleum. 

Chromatography on Hyfio Super-Cel. When phos- 
pholipids were chromatographed on Hyflo Super- 
Cel no phosphorus-containing material was eluted 
until ethanol was applied to the column, and there- 
fore it was expected that the methylated DNP- 
kephalins would be eluted by a less polar solvent. 

For each milligram of methylated DNP-lipid 
(rat liver or ox brain) 0-5—1 g. of adsorbent was used ; 
the sample (usually between 1 and 100 mg.) was 
dissolved in light petroleum and applied to the 
column. Elution with this solvent was continued 
until the yellow band of DNP-kephalin ceased to 
move; the neutral lipid and much of the unsaponifi- 
able material had been removed at this stage. 
Elution with benzene (or benzene-CHCl,, 1:1 v/v) 
removed a yellow band from the column, which was 
expected to account for all of the DNP-kephalin 
and which in fact contained only the 328 kephalin. 
Prolonged elution with CHCl, failed to remove any 
more material from the column, but ethanol—-CHCl, 
(1:9, v/v) eluted a second yellow band, which con- 
tained the 345 kephalin. Compared with the 328 
kephalin fraction this band was more diffuse, with 
considerable trailing, and quantitative elution was 
difficult without also eluting the lecithin. Ethanol 
or aqueous ethanol (90 %, v/v) eluted the remainder 
of the lipids. When egg-yolk lipids, after treatment 
with FDNB and diazomethane, were chromato- 
graphed in the same way three yellow bands were 
formed on the column. The two lower ones contained 
the 328 and 345 kephalins but the third one, which 
was eluted with ethanol-CHCl, (2:8, v/v), contained 
the 355 kephalin, which came off the column just in 
front of the lecithin. 

The recovery of DNP groups on chromatography 
could be tested by comparing the sum of the 
absorptions of the fractions with that of the un- 
chromatographed material at a given wavelength. 
While the recoveries could be as high as 98 %, they 
were sometimes lower; in one experiment the 
recovery was 94% at 400 my, 89 % at 350 mp and 
87 % at 330 mp. With the egg-yolk phospholipids, 
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where vitamin A was absent, the recovery could be 
more easily investigated. The sum of the absorption 
curves of the 328 and 345 kephalin fractions was 
subtracted from the absorption spectrum of the 
unchromatographed material: the resulting ‘ differ- 
ence’ spectrum agreed in position of A,,,, and 
general shape with the absorption spectrum of the 
355 kephalin fraction. The amount of the 355 
kephalin isolated by chromatography was always 
less than the amount computed from the ‘ difference’ 
spectrum obtained as described above (see Table 4). 

The absorption spectra of the various fractions 
obtained by chromatography of the methylated 
DNP-phospholipids prepared from egg-yolk lipid 
are shown in Fig. 2. These results showed that even 
when the kephalin content of a sample was less than 
7%, the 328, 345 and 355 fractions could be readily 
separated from one another. This was indicated 
both by the fact that on chromatography distinct 
yellow bands were formed on the column which 
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Table 1. Change in the absorpiion spectra of dinitro- 
phenyl-lipids on treatment with diazomethane 


The absorption spectrum of a DNP-amine is included for 
comparison. The value of €,,,,, for the synthetic products is 
computed in terms of the atomic concentration of P. The 


solvent was light petroleum. ss . 
E at 350 mp 








ee Emax. HE at 330 mp 
N-2:4-Dinitropheny]-1- 328 18 600 0-44 
amino-octadecane 
DNP-2-aminoethy] 345 16 700 1-13 
octadecyl hydrogen 
phosphate 
Methyl ester of DNP-2- 328 17 700 0-42 
aminoethyl octadecyl 
hydrogen phosphate 
DNP-lipid (rat liver) 345 — 1-21 
Methylated DNP-lipid 332 _ 0-75 
(rat liver) 
T | 








J 
300 350 





Wavelength (mz) 


Fig. 1. 


Absorption spectra of DNP compounds. A, DNP-aminoethyl octadecyl methyl phosphate (86% pure; € was 


computed in terms of the concentration of P); @, DNP-aminoethyl octadecyl hydrogen phosphate (86% pure; € was 
computed in terms of the concentration of P); O, methylated DNP-lipid from rat-liver lipids insoluble in acetone, with 
the extinction at the maximum put equal to 17 500 to facilitate comparison with the other spectra. Solvent used was 


light petroleum. 
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were eluted by characteristic solvents, and by the 
fact that the absorption spectra of these fractions 
were clearly differentiated from one another. With 
328 kephalin isolated after chromatography the 
ratio DNP groups: P was unity even when the lipid 
sample contained only 1-3 % of this material. 
Countercurrent distribution. As an alternative 
method of fractionation, countercurrent distribu- 
tion was investigated. The solvent system used was 
obtained by equilibrating 100 vol. of light petroleum 


(b.p. 40-60°), 85 vol. of ethanol and 15 vol. of 


water. The partition coefficients of the 328 and 
345 kephalins between the two phases were re- 
spectively 0-5 and 8, and on the basis of these figures 
a simplified system of countercurrent distribution 
was developed. The whole 
below could be completed in 30 min. and required 
no special apparatus other than four separating 
funnels. 


process described 
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The sample of methylated DNP-lipid was dis- 
solved in the light-petroleum-rich phase; the con- 
centration of lipid should not exceed 2 % (w/v). An 
equal volume of the other phase was added and 
after three distributions in which the lower phase 
was transferred, the upper (non-polar) phase in 
funnel 1 contained 328 material free of the 345 
kephalin. A fourth funnel was introduced at the 
end of the line to receive the bottom phase from 
funnel 3; the upper phase from funnel 1 was re- 
moved and stored, and funnel 1, now empty, was 
removed. Funnel 2 now became effectively funnel 1 
for a second distribution, from which another 
fraction of the 328 kephalin was obtained. A third 
distribution was performed in the same way, 
yielding a further fraction of the 328 kephalin, and 
in addition the bottom phase of the end funnel 
contained 345 material free of 328, which was 
removed and stored. The complete procedure was 
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Fig. 2. Ethanol-soluble phospholipids from egg yolk. Ethanol-soluble phospholipids (63 mg.), after treatment with 
FDNB and diazomethane, were chromatographed on 30 g. of Hyflo Super-Cel. The 328 kephalin (A) was eluted 
with benzene and had the atomic ratio DNP N:P =0-95. 345 Kephalin (@) was eluted with benzene-chloroform and 
chloroform, and had the atomic ratio DNP N:P=0-55. 355 Kephalin (O) was eluted with ethanol-chloroform 
(2:8, v/v). In the last case correction has been made for loss of extinction on chromatography. All absorption curves 
are shown as if measured in the same volume of light petroleum. 
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repeated on the material remaining, yielding a 
further three 328 fractions and one 345 fraction. 
The resultant six 328 fractions were combined, as 
also were the two 345 fractions. The countercurrent 
distribution had thus divided the fat into two 
fractions, namely, a non-polar fraction containing 
the 328 kephalin together with the neutral lipid and 
a small amount of unidentified phospholipid, and 
a polar fraction containing the 345 kephalin and 
lecithin. With egg-yolk phospholipids the polar 
fraction also contained the DNP-kephalin with 
absorption maximum at 355 muy. In the separation 
obtained by countercurrent distribution the re- 
covery of extinction was 100 + 3 %, and this method 
of analysis gave slightly higher values for the 345 
kephalin compared with chromatography. Table 2 
compares the results with the two methods on the 
same sample of rat-liver lipid. The chromatographic 
precedure was indispensable if purified fractions 
were to be obtained, in contrast with the other 
method which gave two fractions only, but with 
quantitative recoveries. 


328 Kephalin 


Countercurrent distribution separated the 328 
kephalin completely from the 345 kephalin and the 
choline-containing phospholipids, yet the ratio 
DNP groups: atoms of P was always less than unity. 
However, chromatography removed fractions con- 
taining P with no associated DNP groups (see 
Table 5); the 328 kephalin was thus rechromato- 
graphed until the ratio of the extinction at 328 my 
to the P content was constant. The mean value of « 
(328 my) in light petroleum, computed in terms of 
the atomic concentration of P, was 17 800+360 
(32 samples, fiducial limits for P=0-95). The 
methylated DNP derivatives of octadecyl 2-amino- 
ethyl hydrogen phosphate and of dimyristoy]-L-«- 
kephalin were chromatographed and the fractions 
isolated, with A,,,, at 328 mp (see Fig. 1), which 
comprised over 94% of the DNP groups, had e« 
(328 mp) equal to 17700 and 17900 respectively, 
these figures again being calculated in terms of the 


Table 2. Analysis of methylated dinitrophenyl-lipids 
from a rat liver 


A comparison of the results obtained by using the 
chromatographic procedure and by using the counter- 
current distribution method. All figures are in moles of 
kephalin/g. of wet tissue. 





DNP-lipid Chromatography Counter- 
fraction with —a—T—_7" current 
Amax. at (1) (2) distribution 
328 mp 6-2 6-3 6-0 
345 mu 3-2 3-3 4-1 
Total 9-4 9-6 10-1 
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P content. Finally, as the value of « (328 my) for 
N-2;:4-dinitropheny]-1-amino-octadecane was 18 600, 
a value of ¢ (328 my) near to 18 000 is clearly correct 
for this chromophore. Thus it can be concluded that 
in the 328 kephalin, where ¢ (328 mp, based on P 
content) is 18 000, the atomic ratio of DNP groups:P 
is unity. 

It was expected that the 328 kephalin would 
correspond to phosphatidylethanolamine and phos- 
phatidylserine and would thus contain fatty acids, 
amino N (as ethanolamine and serine) and P in the 
molar proportions 2:1:1. In agreement with this 
expectation the only bases present were ethanol- 
amine and serine, except with egg-yolk phospho- 
lipids, in which serine was absent. Fatty acids and 
fatty aldehydes (1-10 moles %) were also present. 
As a rule the chromatographic separations were on 
too small a scale to permit the fraction to be 
weighed, but in one experiment with egg-yolk 
phospholipids the main 328 kephalin fraction had 
the following composition: 34yg.atoms of P, 
72 moles of fatty acids and 38yumoles of DNP 
groups in 33 mg. The methyl ester of N-2:4-di- 
nitrophenyldioleylphosphatidylethanolamine would 
contain, in 33 mg., 36 ug.atoms of P, 72 wmoles of 
fatty acids and 36 pmoles of DNP groups. Less the: 
1 pmole of plasmalogen was present. Thus it can be 
concluded that the 328 kephalin consists of the 
methyl esters of DNP-phosphatidylethanolamine 
and DNP-phosphatidylserine together with small 
amounts of the corresponding acetal compounds. 


345 Kephalin 


The polar kephalin fraction obtained from rat- 
liver lipids by countercurrent distribution contained 
approximately 5-5moles of choline-containing 
phospholipids to 1 mole of DNP-kephalin with 
Amax, at 345 mp. The 345 kephalin was not com- 
pletely stable on chromatography, as indicated 
both by the extensive ‘tailing’ of the band and by 
the low recovery of DNP groups. If all the yellow 
material on the column was collected some choline- 
containing phospholipids were included in the final 
eluates of 345 kephalin. Such fractions containing 
all the 345 kephalin might contain up to 20 moles % 
of choline. If the material was rechromatographed 
or if only the main portion of the 345 kephalin was 
collected then no choline was present. Ethanol- 
amine and serine (except in the egg-yolk phospho- 
lipids, which lack serine) were both present, as also 
were fatty acids and fatty aldehydes. The ratio 
DNP groups:atoms of P can be assessed from the 
value of the molecular extinction coefficient (based 
on the P content) of 8920+330 (measured at 
345 my in light petroleum; mean of nine prepara- 
tions). If the ratio DNP groups:atoms of P were 
0-5 then the value of « for the chromophore 


max. 


would be 17 840+ 660. This compares with 16 600 
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for DNP-lipids and 17 800 for the 328 kephalin. 
Thus it can be concluded that within the experi- 
mental error the ratio DNP groups: P is 0-5. 


355 Kephalin 


Material from the egg-yolk phospholipids with 
Anax, At 355 mp (see Fig. 2) after methylation has 
not been found elsewhere and was not present in 
hen-liver lipids. The spectrum resembles that of 
dinitrophenol but differs from it in that the ratio of 
the extinctions at 400 to 355 my is 0-8 for dinitro- 
phenol and 0-6 for the DNP-kephalin fraction, and 
that it is unaffected by treatment with acid. This 
material is found chiefly in the ethanol-soluble 
fraction of the kephalin and is a minor component. 
The value of the molecular extinction coefficient 
(based on the P content) varied from 2150 to 8070. 


Kephalin content.of rat-liver lipids 


Table 3 shows the proportion of 328 and 345 
kephalins in rat-liver lipids. 


Further examination of the dinitrophenylkephalins 


Although the 328 kephalin was easily separated 
from lecithin, the usefulness of this separation would 
be limited if the remainder of the DNP-kephalin 
was either the result of incomplete methylation or 
an artifact. The following evidence indicates quite 
clearly that neither of these alternatives is correct. 

Reaction with diazomethane. The DNP derivatives 
of dimyristoyl-L-«-kephalin and of 2-aminoethyl 
octadecyl hydrogen phosphate when treated with 
diazomethane yielded 94 and 100 % respectively of 
their DNP groups in the form of 328 kephalin. 
Furthermore, analysis of the 328 kephalin showed it 
to contain fatty acids, base and phosphorus in the 
proportions expected for kephalin; thus it followed 
that it was the 345 and 355 kephalins which 
required further investigation. 

The synthetic compounds gave an almost quanti- 
tative yield of the 328 kephalin, showing that 
methylation was complete and making it unlikely 
that samples of DNP-lipids were incompletely 
methylated owing to insufficient excess of diazo- 
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experiments with DNP-lipids from rat liver, in 
which the excess of diazomethane was increased 
from 10 to 100-fold and in which the reaction time 
was increased to 12 hr., but there was no alteration 
in the yield of the 345 kephalin. Further, the 345 
kephalin, isolated after countercurrent distribution, 
was unaffected by further treatment with diazo- 
methane. 

If cations or basic groups were present then some 
of the acid groups might be unable to react with 
diazomethane (cf. lecithin). As the lipid had been 
washed with acid before the reaction with FDNB, 
cations would be absent, and excess of triethylamine 
did not alter the yield of the 345 kephalin. 

Diazomethane is an extremely reactive substance, 
and the possibility existed that in addition to 
esterifying acid groups side reactions might be 
occurring. However, the yield of 345 kephalin was 
unaltered, even when the methylation was carried 
out at — 60°. 

Fractionation of lipids with ethanol. Three forms 
of methylated DNP-kephalin can be distinguished, 
and one of these, the 328 kephalin, corresponds to 
a mixture of phosphatidylethanolamine and phos- 
phatidylserine. The other forms of DNP-kephalin, 
if not artifacts, must correspond to hitherto un- 
recognized compounds. It has long been accepted 
that preparations of kephalin seldom analyse 
correctly for a mixture of phosphatidylethanolamine 
and phosphatidylserine, and the present authors 
thought it possible that this might be due to the 
presence of materials from which the 345 and 355 
kephalins were derived. 

Kephalin is usually regarded as ethanol-insoluble, 
but it has long been known that part of the kephalin 
is in fact soluble (Maclean, 1915; Rudy & Page, 
1930). With Folch’s (1942) discovery of phos- 
phatidylserine it was generally assumed that this 
was the ethanol-insoluble material, and that phos- 
phatidylethanolamine represented the ethanol- 
soluble fraction. However, egg-yolk phospholipids, 
in which serine is absent (Chargaff, Ziff & Ritten- 
berg, 1942), still contain kephalin fractions which 
are sparingly soluble in ethanol. The present authors 
thought it possible that these differences in solu- 
bility in ethanol might be due to the presence of 





methane. This possibility was none the less tested in 


Table 3. Phospholipid composition of rat liver 


From results presented in the present paper and from other workers. All figures are as % of the total lipid P. 


Choline-containing fein 


phospholipids Sphingomyelin 
‘ 328 fraction 
Kephalin 1345 fraction 
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several kephalins corresponding to the three 
methylated DNP-kephalins. 

Fraction III of the ox-brain kephalin (Wheeldon 
& Collins, 1957) represented material which was less 
soluble in ethanol than fraction V, and the propor- 
tions of the 345 kephalin were respectively 10 and 
20% of the total DNP-kephalin. This difference, 
while not large, was an indication that the kephalins 
did differ in solubility in ethanol. Egg-yolk phos- 
pholipids, which were free of phosphatidylserine, 
were used in a further investigation; the fractiona- 
tion with ethanol and cadmium chloride is described 
in the Experimental section. Table 4 summarizes 
the distribution of the three components of methyl- 
ated DN P-kephalin found in egg-yolk phospholipids, 


property of kephalin, namely ethanol insolubility, 
whereas the other types of DN P-kephalin represent 
anomalous forms. 

Incorporation of *®P into the dinitrophenylkepha- 
lins. If it can be shown that the different forms of 
DNP-kephalins incorporate **P at different rates 
then this would be further evidence that they are 
distinct forms of kephalin and that the 345 kephalin 
is not an artifact. 

In experiments in which **P was incorporated in 
vitro into rat-liver lipids, the following precautions 
were taken to ensure that the three fractions ob- 
tained by chromatography were free of contami- 
nating compounds containing *P. The values 
of the specific radioactivities of the 328 kephalin 





and the absorption spectra of the fractions obtained shown in Table 6 were measured on fractions in 
by chromatography are shown in Fig. 2. It willbe which the value of ¢« (328 my, calculated in 
seen that the 328 kephalin corresponds to material terms of the gram-atomic concentration of P) 
which was relatively insoluble in ethanol, and the was within 5% of 18000, thus indicating that 
other two DNP-kephalins correspond to materials the atomic ratio N:P was equal to 1-00 within 
which made up the major portion of the kephalin’ the experimental error. If several fractions of 
which was soluble in ethanol and also of the small the 328 kephalin (with N:P=1-00+0-05) were 
amount of kephalin remaining in the lecithin obtained on chromatography then the weighted 
preparation. mean (in respect to P) of the specific radioactivities 

These results show that the 328 kephalin corre- was calculated. These considerations are illustrated 
sponds to material which has a characteristic in Table 5. 


Table 4. Analysis of phospholipid fractions from egg yolks 


Egg-yolk phospholipids, fractionated as described in the text into an ethanol-insoluble, an ethanol-soluble and a 
lecithin fraction, were treated with FDNB and subsequently with diazomethane. These materials were chromatographed 
on Hyfio Super-Cel. The figures represent pmoles of DNP groups as a percentage either of the total N or (in parentheses) 
of the total DNP groups in the sample, assuming e¢,,,,, values of the three forms to be equal. 


Ethanol- Ethanol- 

insoluble soluble 
DNP-lipid fraction with A,,,,. at (fraction A) (fraction B) Lecithin 
328 mp 52 (87) 10 (42) 1-3 (19) 
345 mp 5 (8) 8 (33) 0-8 (11) 
355 my (as isolated) 0 (0) 4 (17) 3-6 (52) 
355 my (estimated by difference) 3 (5) 6 (25) 4-8 (72) 
Total amino N 60 (100) 24 (100) 6-9 (100) 


Table 5. Rechromatography of a dinitrophenylkephalin fraction with Aya, a 328 mp 

A dinitrophenylkephalin fraction into which **P had been incorporated was rechromatographed and the fractions were 
arbitrarily divided into a number of successive fractions. On each fraction the absorption spectrum, P content and radio- 
activity were measured. The specific radioactivity of the total lipid P was put equal to 100 and the relative specific radio- 
activity of each fraction computed. The weighted mean (in terms of P) of these fractions (3-7 inclusive), where ¢ (328 mu 
calculated in terms of the P content) was not less than 17000, was equal to 14. 


Relative 
specific 
Fraction P (ug.atoms) (my) € (328 mp) radioactivity 

1 1-23 -—- — 0 
2 0-06 — — 29 
3 0-44 328 18 600 37 
4 1-08 328 19 300 26 
5 0-85 328 17 300 9 
6 1-95 328 17 700 8 
7 1-05 328 17 100 6 
8 1-75 328 16 800 19 
9 0-31 Inflexion at 328 10 000 60 
10 0-10 - = a 36 
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Table 6. Comparison of the incorporation of ®2P into the two forms of kephalin and into lecithin 


Homogenates of rat liver were incubated with NaH,**PO, (see text for details), the lipid was extracted and treated 
successively with FDNB and diazomethane. The material was then chromatographed and the specific radioactivities of the 
fractions were measured. The specific radioactivities of the total lipid P have been put equal to 100. 


Expt. no. 





1 2 3 4 


be rae. 'Pekenhalin { With Amex, 328 mp 14 2 2 60 
Methylated DNP-kephalin | With Anes, 345 mp 636 890 380 197 
an ; inids ( Ethanol eluate 10 33 68 33 
Choline phospholipid: | By chromatography on MgO <0-2 <2 — — 


In a series of 345 kephalin fractions obtained 
by chromatography there was a good correlation 
between the specific radioactivity and the atomic 
ratio of DNP groups to P. The specific radioactivity 
of the 345 kephalin was taken as the highest obtained 
in a chromatography (or rechromatography) in 
which ¢ (345 my) was not less than 6000. 

The specific radioactivity of the phospholipids 
eluted by ethanol was taken as equivalent to that 
of the choline phospholipids, but a more accurate 
estimate was obtained by chromatography on 
magnesium oxide (Taurog, Entenman, Fries & 
Chaikoff, 1944), which serves to isolate the choline 
phospholipids. 

Experiments in which a rat-liver homogenate was 
incubated in vitro with NaH,**PO, indicated that 
the uptake of 8*P into the two kephalin fractions was 
very dissimilar. The specific radioactivity of the 
345 kephalin was from 3-3 to 450 times that of the 
328 kephalin and from 5-6 to 280 times that of the 
ethanol eluate, which was itself always greater than 
that of the choline phospholipids (see Table 6). 


DISCUSSION 


Diazomethane, which has long been used to form 
methyl esters of acids, has recently been shown by 
Baer & Maurukas (1955) to cleave kephalin, with 
the formation of the dimethyl ester of phosphatidic 
acid. Lecithin, however, was unaffected and these 
authors concluded that a free amino group was 
necessary for ‘diazometholysis’. The fraction of 
methylated DNP-kephalin with ),,,. at 328 mp 
obtained after chromatography contained fatty 
acids, phosphorus and DNP groups in the expected 
proportions and thus there was no cleavage. The 
DNP derivatives of the samples of dimyristoyl-L-«- 
kephalin and of 2-aminoethyl octadecyl hydrogen 
phosphate, which were insoluble in light petroleum, 
became freely soluble on treatment with diazo- 
methane. On chromatography the DNP groups 
remained attached to phosphorus, as shown by 
analysis of the fractions. Thus it can be concluded 
that diazometholysis does not occur with the DNP- 
kephalins. 
29 


In non-polar solvents such as light petroleum the 
absorption maximum of N-2:4-dinitrophenyl-1- 
amino-octadecane is at 328 mp. DNP-serine and 
DNP-ethanolamine in a mixture of diethyl ether 
and light petroleum had 4,,,, at 332 mp. On the 
other hand, DNP-lipids and DNP-2-aminoethyl 
octadecyl hydrogen phosphate have \X,,,,. at 
345 mp in light petroleum. In ethanol the ab- 
sorption maxima in all these cases is at 345 my. The 
above facts can be harmonized if it is assumed that 
in the absence of hydrogen bonding the absorption 
maximum of the DNP chromophore is at 328 my 
and with hydrogen bonding it is at 345myp. In 
ethanol the hydrogen bonding would be with the 
solvent, whereas with the DNP-lipids and DNP-2- 
aminoethyl octadecyl hydrogen phosphate in light 
petroleum there would be intramolecular hydrogen 
bonding with the acid groups. This view is supported 
by the fact that after methylation of DNP-2-amino- 
ethyl octadecyl hydrogen phosphate the absorption 
maximum is at 328 my in light petroleum. In the 
345 kephalin it is thus possible that a group is 
present in the molecule which forms a hydrogen 
bond with the DNP group and which does not react 
with diazomethane. 

The experiments with the egg-yolk phospholipid 
fractions showed that relatively more of the 
material giving rise to the 345 and 355 kephalins 
was soluble in ethanol than was the case with the 
remainder of the kephalin. This was an indication 
that the DNP-kephalin fractions corresponded to 
materials pre-existing in the native lipid. 

The in vitro experiments in which **P was in- 
corporated into the lipid resulted in very little 
uptake into the fractions which correspond to 
phosphatidylethanolamine, phosphatidylserine and 
lecithin, and *2P was incorporated almost entirely 
into the phosphorus associated with the 345 
kephalin. However, as the ratio DNP groups: P was 
0-5, it could not be assumed that the radioactivity 
was exclusively on P atoms adjacent to DN P groups. 
Chromatography, however, yielded no evidence 
that the phosphorus with high specific radioactivity 
could be separated from the DNP group with ),,,x 
at 345 muy. . 

Bioch. 1957, 66 








450 F. D. COLLINS AND L. W. WHEELDON 1957 


From the evidence discussed above, the 345 
kephalin contains a group which interacts with the 
DNP group but which does not react with diazo- 
methane. The native phospholipid which is the 
precursor of the 345 kephalin is more soluble in 
ethanol than is phosphatidylethanolamine and, in 
an in vitro system, it exchanges with inorganic *2P 
more rapidly than phosphatidylethanolamine. The 
355 kephalin, like the 345 kephalin, is more soluble 
in ethanol than phosphatidylethanolamine but the 
nature of the interaction with the DNP group is 
presumably more complex. 

The results described in this paper provide the 
means for the quantitative determination of the 
kephalin fractions and also for their isolation. In 
the absence of the 355 kephalin, countercurrent 
distribution in 85% (v/v) aqueous ethanol-light 
petroleum resolves the kephalin into two fractions, 
and the kephalin content of each can be determined 
from their light absorption. If ethanolamine and 
serine are estimated on both fractions then the pro- 
portions of phosphatidylethanolamine, phospha- 
tidylserine and the ethanolamine and serine forms 
of the 345 kephalin can be determined. If the 355 
kephalin is present, the polar fraction obtained on 
countercurrent distribution will contain a mixture 
of 345 and 355 kephalins, and an estimate of their 
proportions can be obtained from the absorption 
spectrum by comparison with the absorption 
curves of the purified fractions obtained by chro- 
matography. 

If the objective is the isolation of the kephalin 
fractions then chromatography is essential. It is 
possible to isolate the 328 kephalin (phosphatidyl- 
ethanolamine and phosphatidylserine) even when 
present only to the extent of 1-3 % and in which the 
atomic ratio of N:P is unity. Whereas the isolation 
of the 328 kephalin by chromatography is nearly 
quantitative, the 345 kephalin cannot be isolated 
quantitatively and recoveries are about 80%. The 
355 kephalin is more labile and it is doubtful whether 
a puye preparation of this material has been ob- 
tained. 

The material eluted by ethanol consists of the 
choline-containing phospholipids, but with rat-liver 
lipids this fraction also contains the inositol phos- 
pholipids (F. D. Collins, unpublished observations). 

The isolation of the DNP derivatives of the 
kephalins instead of the native forms is no disad- 
vantage if the object is to study the distribution of 
isotopic tracers, and for this purpose is in fact an 
advantage as the kephalin is spectroscopically 
labelled. 

SUMMARY 
1. Diazomethane reacts with dinitropheny]l- 


kephalins to form the corresponding methy] esters, 
while lecithin is unaffected. 


2. By chromatography or countercurrent distri- 
bution the following methylated dinitropheny]l- 
kephalin fractions could be distinguished: (i) 
material with A,,,,. at 328 mp, which consisted of 
a mixture of the methyl esters of dinitrophenyl- 
phosphatidylethanolamine, dinitrophenylphospha- 
tidylserine and of the corresponding dinitrophenyl- 
acetal phospholipids; (ii) material with A,,,, at 
345 mp in which the atomic ratio dinitrophenyl 
groups:P was 0-5; (iii) material with A,,, at 
355 mp, which was obtained only from egg-yolk 
phospholipids and which was a minor component. 

3. Evidence is presented showing that the 
fraction of the methylated dinitrophenylkephalin 
with A,,,, at 345 mp was unaffected by further 
treatment with diazomethane. 

4. More material giving rise to the dinitropheny]l- 
kephalin fraction with 4,,,, at 345 mp was present 
in the ethanol-soluble fraction of egg-yolk phospho- 
lipids compared with the ethanol-insoluble portion. 

5. After the in vitro incorporation of **P, the 
relative specific radioactivity of the phosphorus 
associated with the dinitrophenylkephalin with 
Amax, 2t 345 mp was much greater than that of 
either the dinitrophenylkephalin with 4,,, at 
328 my or the choline phospholipids. 

6. It is concluded that the methylated dinitro- 
phenylkephalins with ,,,. at 345 mp and at 
355 mp represent hitherto unrecognized forms of 
kephalin. 

7. Procedures are described both for the deter- 
mination of these forms of kephalin and for their 
separation from each other and from choline- 
containing phospholipids. 


Our thanks are due to Mrs M. Labutis for her assistance in 
the experimental work. 
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The Heats of Combustion of Glycerol 1-Phosphate, 
Glycerol 2-Phosphate and Glucose 1-Phosphate 


By H. B. CLARKE* anp §S. P. DATTA 
Department of Biochemistry, University College, London 


(Received 17 December 1956) 


Most of the accurate published data on heats of 
combustion relate to compounds containing only 
carbon, hydrogen and oxygen; little work has been 
done on biologically important compounds con- 
taining in addition nitrogen or phosphorus. It 
follows from the law of constant heat summation 
that when sufficient data on heats of combustion 
and other thermochemical data have been accumu- 
lated advances will be possible in working out the 
energy relationships in metabolism; further it will 
be possible to calculate many heats of formation and 
reaction which are experimentally unobtainable. 

The alkali-metal salts of glycerol 1-phosphate, 
glycerol 2-phosphate and glucose 1-phosphate were 
chosen for investigation in the first instance, 
because of their importance in metabolism and their 
availability as highly purified compounds. 

Many difficulties had to be overcome in this work 
before accurate results could be obtained. The 
compounds showed a reluctance to burn, which in 
2-aminoethanol 1-phosphate could not be overcome; 
they also have low heats of combustion. The inde- 
terminate nature of the phosphate residues after 
combustion leads to difficulties in correcting for the 
heat of solution of the products; because of this the 
only correction applicd for changes in the internal 
energy of the contents of the bomb was for the heat 
of formation and solution in water of nitric acid 
derived from the oxidation of atmospheric nitrogen 
originally present in the bombs. It was assumed 
that all the carbon burnt was oxidized to carbon 
dioxide. In all cases a close similarity in experi- 
mental conditions was maintained between calibra- 
tion experiments and those in which heats of 
combustion were determined. Because of these 
difficulties and the limitations of the apparatus 
available, it was impossible to obtain the degree of 
accuracy in this work that has been reported for 
some other compounds (Coops, Mulder, Dienske & 
Smittenberg, 1947; Pilcher & Sutton, 1955). 


EXPERIMENTAL 


Apparatus 
A modified commercial bomb-calorimeter outfit (Baird & 
Tatlock Ltd., Cheadle Heath, Essex, Type LFA 6330) was 
used, 


* Present address: Services Electronic Research Labor- 
atory, Baldock, Herts. 


Stirrer. This was driven by aconstant-speed electric motor 
at 1475+5 rev./min. instead of the mechanically governed 
800 rev./min. motor supplied.The propeller tube was replaced 
with a similar one made of Perspex, but was approx. 10 cm. 
longer than the original. To prevent evaporation of water and 
heat loss the propeller shaft was connected to the motor 
shaft by a Perspex rod, 10 cm. long, which was a close fit 
in the propeller tube. This arrangement also greatly reduced 
the transfer of heat from the motor to the calorimeter. 

Outer jacket. The outer jacket supplied was not used, and 
instead a polished nickel-plated cylindrical copper can, 
37-5 cm. deep and 18 em. in internal diameter, suspended in 
a constant-temperature paraffin bath was used. The tem- 
perature of the paraffin was measured with a platinum 
resistance thermometer; it was 25+0-01° during the whole 
course of the experiments. 

Thermometer. This was a solid-stem Beckmann instru- 
ment with a 5° scale graduated at intervals of 0-01°, readings 
being estimated to 0-001° with a telescope. The thermo- 
meter was vibrated along its axis by the rubber-covered 
clapper of an electric bell. The thermometer was calibrated 
over the required range by comparison with a platinum 
resistance thermometer, the Rjo9/R, ratio of which had been 
determined by the National Physical Laboratory. The zero 
setting of the thermometer, 0° =22-16°, was not changed 
during this work. For the combustion experiments the 
thermometer was immersed to the same depth as during 
calibration; this eliminated the need for emergent-stem 
corrections, as the room temperature was sufficiently close to 
that of the calorimeter, and sufficiently constant (+ 2°) to 
make such corrections negligible. 

Fuse. A platinum wire (0-08 mm. in diam.) fuse was 
attached to the two electrodes in the bomb and a cotton 
thread (7-62 cm. long) tied to the platinum fuse; the ends of 
the cotton were arranged in good contact with the material in 
the platinum crucible. 

Materials 

The samples of the phosphate-ester salts were the same as 
those used for the determination of the acid dissociation con- 
stants: disodium glycerol 2-phosphate pentahydrate (Ashby, 
Crook & Datta, 1954), dipotassium glucose 1-phosphate 
dihydrate (Ashby, Clarke, Crook & Datta, 1955) and diso- 
dium glycerol 1-phosphate (S. P. Datta & A. K. Grzybow- 
ski, in preparation). The benzoic acid used to determine the 
water equivalent of the calorimeter was the AnalaR material 
(British Drug Houses Ltd., London) recrystallized once 
from water and dried in vacuo over P,O;. The crystals were 
then finely powdered and dried again as before for at least 
a week; the melting point was 124° (corrected). 


Experimental procedure 


The materials were made into pellets in a screw press and 
weighed in a platinum crucible. The crucible was placed in 
the bomb, the fuse ‘arranged and the bomb filled with 
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oxygen to 30 atm. pressure. After the water in the calori- 
meter had been weighed, the bomb was lowered into posi- 
tion and the lid, stirrer, thermometer and leads were 
assembled as rapidly as possible to reduce the loss of water 
by evaporation. To allow the system to come to a steady 
state the stirrer was started and allowed to run for 10 min. 
before any temperature readings were taken. 

Readings of the Beckmann thermometer were taken every 
15 sec. for an initial period of 8 min., the bomb was then 
fired and readings were taken for a ‘main’ period of 10 min., 
during which time the heat developed by the combustion 
was distributed through the calorimeter; readings were 
continued for a final period of 8 min. In all cases the 
temperature of the calorimeter when the bomb was fired 
was 24-2+0-2°. After temperature readings had been 
completed the bomb was left at room temperature for 
30 min. to allow the HNO, mist to settle. The contained 
gases were then allowed to leak out slowly, the crucible was 
removed and the contents of the bomb were washed into 
a beaker; the HNO, formed was determined by titration 
with standard CO,-free aqueous NaOH, with methyl 
orange as indicator. 

After drying at 120° the weight of the carbon and phos- 
phate residues in the crucible was obtained. The contents of 
the crucible were then washed into a weighed sintered-glass 
crucible with 2mM-HCl and the insoluble carbon was washed 
on the sinter with more acid and then water. After drying, 
the weight of the carbon residue was obtained. The weight 
of any carbon adhering to the platinum crucible was 
determined from the difference in the weights of the dried 
and the glowed crucible. 

Combustion of benzoic acid. When benzoic acid was melted 
in the crucible, to ensure perfect dryness, the mass disinte- 
grated on combustion, leaving extensive carbon residues. If, 
however, the finely powdered material was compressed into 
pellets the combustion was much more complete. The latter 
method was therefore adopted in the determination of the 
water equivalent of the calorimeter. Similar difficulties 
were encountered by Pilcher & Sutton (1955) in the com- 
bustion of fused benzoic acid. 

Combustion of disodium glycerol 2-phosphate. The penta- 
hydrate was dried at 120°, at which temperature it lost all 
its water of crystallization. The anhydrous material was 
compressed into pellets; these were returned to the oven 
overnight before weighing. The errors in the weight of 
the compound due to hydration were thus reduced to a 
minimum. 

Combustion of disodium glycerol 1-phosphate. Attempts to 
dry the hexahydrate in the same way as the pentahydrate 
were unsuccessful. The salt dissolved in its own water of 
crystallization and set to a glass; further, the last traces of 
water could not beremoved. The hexahydrate was therefore 
weighed directly into the crucible and subsequently dehy- 
drated by heating slowly up to 130°. The cotton thread 
was placed in contact with the crystals before drying, and 
the melt thus set round the cotton. Only in this way was 
a satisfactory firing contact obtained. The crucible was 
transferred rapidly from the oven to the bomb, which 
contained no water. 

The hydrated forms of disodium glycerol 1- and 2-phos- 
phate could not be burnt satisfactorily in the bomb. 

Combustion of dipotassium glycerol 1-phosphate. It was 
impossible to remove the water of crystallization from the 
dihydrate without decomposing the salt. Pellets were 
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therefore made from the dihydrate and were successfully 
burnt with very little carbon residue. 

Attempted combustion of 2-aminoethanol 1-phosphate. 
Although this compound was anhydrous, combustion in the 
bomb, even with increased oxygen pressure, was always 
incomplete. This result was not altogether surprising, con- 
sidering the low proportion of oxidizable atoms in the 
molecule. 

Heat of ignition. The heat developed by the combustion of 
the cotton thread was estimated by weighing a known 
length of thread after drying at 120°; the heat of combustion 
of cotton was assumed to be the same as that of pure 
cellulose. The heat developed by the electric current in the 
platinum fuse wire amounted to less than 1 cal. and was 
ignored. 

The following densities were used in reducing weights to 
vacuum: benzoic acid, 1-3; disodium glycerol 1-phosphate 
hexahydrate, 1-6; disodium glycerol 2-phosphate (an- 
hydrous), 1-4; dipotassium glucose 1-phosphate dihy- 
drate, 1-7. 


RESULTS AND CALCULATIONS 


The temperature/time observations were reduced 
by the method of Coops, Ness, Kentie & Dienske 
(1947) and all calculations were made in calories, 
allowance being made for the specific heat of water 
(0-998) at the mean temperature of the experiments 
(25°). The final results are also given in ks/mole. The 
following heats of combustion (Coops, Ness, Kentie 
& Dienske, 1947) were used in the calculations: 
benzoic acid, 6315 cal.g.—!; cellulose, 3890 cal.g.—; 
carbon, 8080 cal.g.-1. The heat of formation and 
solution in water of HNO, in the bomb was taken to 
be 14-0 keal.mole-. The heat, Q,, developed by the 
combustion of the cotton thread was taken as 
18 cal. in all experiments. 

The results cf the experiments to determine the 
water equivalent of the apparatus are given in 
Table 1 and those of the combustion experiments in 
Table 2. In these tables are shown the weight of 
material taken, m, the weight of water added to the 
calorimeter, W”, the temperature rise corrected for 
heat exchange with the surroundings and heat of 
stirring, A7’,, the heat loss due to the residual 
carbon, g,, and the heat of formation and solution 
in water of HNO;, dyxo,- The last column in 
Table 1 shows the calculated water equivalent of 
the calorimeter, W’, including 1 ml. of water added 
to the bomb. The mean value of W’ and the standard 
error of the mean are also given. The total water 
equivalent, W (=W’+W’), is of the order of 
3000 cal.deg.—1. The last two columns of Table 2 
give the calculated heats of combustion of the 
various substances studied, in cal.g.-! (Q,) and 
ks .mole—! (Q,,). The mean values and the standard 
errors of the means of Qy are also given. The 
molecular weights of the substances as weighed, M, 
and the value of the water equivalent, W’, used in 
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Table 1. 


HEATS OF COMBUSTION OF PHOSPHATE ESTERS 


Determination of the water equivalent of the calorimeter by the combustion of benzoic acid 


m represents the weight of benzoic acid used, W” the weight of water added to the calorimeter, AT’, the temperature 
rise corrected for heat exchange and heat of stirring, qc the heat loss due to carbon residue, gqyxo, the heat gain due to the 
formation and solution in water of nitric acid, and W’ the calculated water equivalent of the calorimeter. In all experi- 
ments the heat of ignition, Q@;, was taken as 18 cal. and the heat of combustion of benzoic acid as 6315 cal.g.—1. 


Expt. 


Al 
A2 
A3 
A4 
A5 
A6 
A7 
A8 
AQ 


Al0 


Table 2. 


m 
(g.) 
0-94301 
0-95219 
0-94710 
0-95396 
0-94111 
0-93222 
0-96735 
0-48382 
0-51507 
0-94950 


Ww” 
(g-) 
2505-5 
2563-0 
2539-6 
2501-7 
2491-6 
2533-7 
2561-3 
2567-6 
2613-6 
2385-8 


Ic 
AT (cal.) 
1-984° 0-1 
1-967 0-5 
1-9745 0-2 
2-014 0-0 
1-991 0-0 
1-948 3-4 
2-001 6:3 
1-002 0-3 
1-0505 0-0 
2-086 0-3 


THNO3 


(cal.) 


Mean 


S.E.M. 


Ww’ 
(cal. deg.—1) 

514 
512-5 
508 
508 
511 
505 
507 
509 
509 
506 
509-0 
+0-9 


Determination of the heats of combustion of dipotassium glucose 1-phosphate, 
disodium glycerol 1-phosphate and disodium glycerol 2-phosphate 


m represents the weight of substance used; W”, A7'g, go and Juno, are as defined in Table 1; Qo represents the heat of 
combustion/g. of substance, Qy the heat of combustion/mole of substance and M the molecular weight of the substance as 
weighed. In Expts. B1-6 and D1-6 the water equivalent of the apparatus, W’, was 509 cal.deg.-!; in experiments C1-6 
and D7-8 W’ was 508 cal.deg.-!. In all experiments the heat of ignition, Q,;, was taken as 18 cal. 


Expt. 


Bl 
B2 
B3 
B4 
B5 
B6 


ARR RARAA 
Or ON = 


m 


(g-) 


2-36923 
1-42462 
1-47541 
1-96273 
1-74341 
1-63471 


1-7773 
2-1048 
2-0940 
2-0027 
2-0420 
2-0141 


1-2937 
1-3594 
1-4426 
1-4369 
1-4940 
1-2915 
1-2975 
1-1759 


Ww” 
(g.) 


2527 
2524 
2446 
2578 
2559 


2473 


2551 





2568 
2550 
2518 
2541 
2489 
2532 





7HNO3 Ic 

AT (cal.) (cal.) 
Dipotassium glucose 1-phosphate (M, 372-35) 
“2 1-3755° 1-8 43-0 
2 0-839 0-8 7-8 
“7 0-859 0-9 7-5 
“a 1-133 1-2 9-2 
4 1-018 1-0 6-2 
5 0-9425 1-0 0-0 


Disodium glycerol 1-phosphate (M, 324-15) 


0-715 
0-850 
0-8695 
0-799 
0-8135 
0-830 


0-6 1-0 
0-8 0-4 
0-8 0-1 
0-6 1-4 
0-7 0:3 
0-6 1-1 


Disodium glycerol 2-phosphate (M, 216-055) 


0-778 
0-816 
0-8645 
0-869 
0-9135 
0-775 
0-800 
00-7085 


1-2 0-0 
1:3 0-3 
1-6 0-0 
1-6 1-8 
1-2 23 
1-3 23 
1-3 2-1 
0-8 2-9 


Vc 
(cal. g.-1) 


1770 
1774 
1773 
1772 
1772 
1773 


Mean 


S.E.M. + 


1209 
1214 
1216 
1221 
1210 
1218 


Mean 


S.E.M. + 


1823 
1817 
1827 
1834 
1837 
1814 
1832 
1815 
Mean 


S.E.M.+ 


Qu 
(ks .mole- 


) 


2758 
2764 
2762 
2761 
2761 
2762 
2761-3 
0-8 


1640 
1646 
1649 
1656 
1641 
1652 
1647 

3 


1648 
1643 
1652 
1658 
1661 
1640 
1656 
1641 
1650 

3 
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Table 3. Heats of combustion of some 
phosphate esters 


The errors given are the standard errors of the means. 


Qu 
(ks .mole~) 


Reference 

Calcium glycerol Jollatz (1936) 164448 
1-phosphate 

Disodium glycerol This paper 1647 +3 
1-phosphate 

Disodium glycerol This paper 1650+3 
2-phosphate 

Dipotassium glucose This paper 2761+1 
1-phosphate 

Calcium hexose Collatz (1936) 2807 4-7 


diphosphate 
the calculations are shown. In the experiments with 
disodium glycerol 1-phosphate and in experiments 
no. D7 and D8 with disodium glycerol 2-phosphate 
no water was added to the bomb; hence W’= 508 
cal.deg.-1. A summary of the heats of combustion 
of phosphate esters obtained in this work and by 
Collatz (1936) is given in Table 3. 


DISCUSSION 


The results given in Tables 1 and 2 show that a 
reproducibility of +0-2% has been obtained both 
in the determination of the water equivalent and in 
the heats of combustion. This is probably the limit 
of accuracy obtainable with the apparatus. During 
the work great attention was paid to the details of 
the experimental technique. The relative positions 
of the various parts of the apparatus were always 
the same, approximately the same amount of water 
was added to the calorimeter in each experiment 
and an attempt was made to obtain the same tem- 
perature rise. In these experiments a difference in 
the temperature rise of 1° did not appear to affect 
the results. 

The temperature of the calorimeter water at the 
moment of ignition was 24-2+0-2° and the outer 
jacket was kept at 25-00+0-01°; these conditions, 
together with a temperature rise of 1-2°, reduce the 
magnitude of the heat-exchange correction and 
hence the effect of errors in its calculation. The 
calculation is based on the validity of Newton’s law 
of cooling and assumes that convection is negligible. 
Coops & Ness (1947a), from their own experiments 
and the results of other workers, concluded that 
convection is negligible in most calorimeters if the 
following relation holds: 


(Air gap, em.)* x (7, — Ty) < 5-9, 


where 7’, and 7, are the temperatures of the calori- 
meter and outer jacket. In our experiments 


(7, — Ty) did not significantly exceed 1° and the air 
gap was 1:‘9cm. Thus the heat exchange due to 
convection was small. 

The complete distribution throughout the calori- 
meter of the heat from the combustion is assumed 
for the calculation of the results. Coops & Ness 
(19476) have demonstrated that, assuming a total 
temperature rise of 2°, 99-99 % of the available heat 
from the combustion is accounted for if the duration 
of the ‘main’ period of temperature-time readings 
is 10 times that required for the temperature to rise 
from its initial value to two-thirds of its maximum 
value. In our experiments a ‘main’ period of 
10 min. satisfied this condition. 

The values of the heats of combustion given in 
Table 2 are not accurate enough to warrant the 
calculation of the energy change for the combustion 
reaction at 1 atm. pressure and for the substances 
involved in their standard states; nevertheless, the 
values of Q,, given may be compared with other data 
quoted for 25°. 

Apart from shortcomings in the apparatus some 
lack of reproducibility and ambiguity in the results 
may arise from other causes which are discussed 
below. 

State of hydration of the compound. About 20 min. 
elapsed between weighing the anhydrous disodium 
glycerol 2-phosphate and its ignition. During this 
time some hydration occurred as the substance was 
in proximity to the water in the bomb, though 
separated from it by oxygen at 30 atm. To deter- 
mine the amount of water taken up under these 
conditions weighed pellets of anhydrous disodium 
glycerol 2-phosphate were placed in the bomb as for 
combustion and left at room temperature for 1 hr. 
The gases were then released slowly and the pellets 
reweighed. The increase in weight was found to be 
0-692 and 0-762, mean 0-727 %, which corresponds 
to less than 0-1 mole of water/mole of salt. Thus in 
20 min. the amount of hydration must have been 
very small and could not have had a significant 
effect on the heats of combustion observed. This is 
supported by the results of Expts. D7 and D8, 
where there was no water in the bomb and in which 
the values of Q, obtained are within the range of the 
other values. 

The amount of water retained by the disodium 
glycerol 1-phosphate, after drying, was very small 
and cannot have had much effect on Q,,. This sub- 
stance was always burnt in the bomb in the absence 
of water. Thus the two glycerol esters were burnt 
virtually in the anhydrous condition, in contrast to 
the dihydrate of dipotassium glucose i-phosphate, 
which could not be dehydrated and was therefore 
burnt as the stable dihydrate. 

Completeness of oxidation. It was assumed that 
all the carbon burnt was completely oxidized to 
sxarbon dioxide and the contents of the bomb were 
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not tested for carbon monoxide. Pilcher & Sutton 
(1955), using a bomb of similar size (300 ml. 
internal volume) and the same oxygen pressure, 
found significant amounts of carbon monoxide 
only when 0-3 g. or less of benzoic acid was burnt, 
the oxidation of the carbon usually being complete 
with larger charges. In the determination of the 
water equivalent the weight of the benzoic acid 
charge was between 0-48 and 0-97 g. and no correla- 
tion was found between W’ and m (Table 1). Thus 
it is unlikely that significant amounts of carbon 
monoxide were formed. 

In the combustions of the disodium glycerol 
phosphates the minimum heat quantity measured 
was about 2150 cal. (Expt. C1, Table 2), compared 
with approximately 3000 cal. (Expt. A8, Table 1) 
in the determination of the water equivalent. Since 
W was virtually constant the temperatures reached 
during the combustions of the disodium glycerol 
phosphates were probably considerably lower than 
during the combustion of benzoic acid, and small 
amounts of carbon monoxide may have been 
formed. 

This possible error, together with the smaller 
proportion of oxidizable atoms in the disodium 
glycerol phosphates, may account in part for the 
greater variance in Q, for these substances than for 
dipotassium glucose 1-phosphate, though even for 
the latter substance the heat quantities were not as 
large as for benzoic acid. 

Nature of the phosphate residue. The residues in the 
platinum crucibles after combustions in the bomb 
were dried at 120° and weighed and the weights 
compared with the expected weights of the corre- 
sponding pyrophosphates. The weights of the 
residues remaining after the combustion of di- 
potassium glucose 1-phosphate and disodium gly- 
cerol 1-phosphate were high (after allowing for the 
carbon and fused platinum wire present), possibly 
indicating the presence of orthophosphate. In one 
experiment the residue from a combustion of 
dipotassium glucose 1-phosphate was ignited to 
constant weight over a Meker burner and was found 
then to agree with the expected weight of potassium 
pyrophosphate. The weights of the residues from 
the combustion of disodium glycerol 2-phosphate 
were about 0-1% lower than expected. This may 
have been due to small amounts of the phosphate 
residue being blown out of the crucible as only with 
this compound was a fused mass of material burnt. 
The washings from the bomb were tested for ortho- 
and pyro-phosphate, and only in some instances 
were traces of these salts found. No direct chemical 
analyses of the residues from the combustion 
experiments were undertaken. 

To test whether significant amounts of ortho- 
phosphate were present in the residues from com- 
bustions, in the bomb, similar quantities of the 
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three salts studied were subsequently burnt in the 
same bomb under the same conditions as during 
heat measurements. These experiments showed 
that only 0-1—-0-2% of the weight of the residues 
was orthophosphate as estimated by Allen’s 
(1940) method. Thus it appears likely that 
during the heat measurements also the main 
part of the phosphate residue is as the alkali-metal 
pyrophosphate. 

Thompson (1952) has determined the heat of 
formation of disodium methylphosphonate from 
combustion measurements. In that work the 
stoicheiometry of the bomb reaction was established 
by the analysis of the residue, which was found to 
correspond to that of sodium pyrophosphate. The 
phosphorus content of the residue was found to be 
23-08 % which, in fact, corresponds to 14:-5% of 
Na,HPO, in Na,P,0,. 

Heats of formation. For the purpose of calculating 
the heats of formation of the substances studied 
here we assume that the following represent the 
bomb reactions, within the limits of error indicated 
above. 

For both disodium glycerophosphates : 


C,H,0,PNa, [e (crystalline solid)]+ 340, (g) > 
3CO, (g)+34H,0 (1) +4Na,P,0, (c) + 1647 ks, 


and for dipotassium glucose 1-phosphate dihydrate 


C,H,,0,PK,,2H,O (c) + 60, (g) > 6CO, (g) 
+5}H,0 (1) +4K,P,0, (c) +2761 ks (+2H,0). 


The following values in keal.mole— of the heats of 
formation, AH;, at 25° were used: Na,P,O, (c) 
—760-8, CO, (g) —94-05 and H,O (1) —68-32 
(Rossini, Wagman, Evans, Levine & Jaffe, 1952). 
No data are available for the heat of formation of 
K,P,0, (c), though the value for KH,PQ, (in water) 
of —370 kcal.mol.-! is near that of NaH,PO, (in 
water), —368 kcal.mol.-!, so the assumption is 
made that the heat of formation of K,P,O, (c) is the 
same as for Na,P,O, (ce). 


Table 4. Heats of formation 


-AH; 
Reference (ks. mole~+*) 

Disodium glycerol This paper 2126 
1-phosphate (c) 

Disodium glycerol This paper 2123 
2-phosphate (c) 

Dipotassium glucose This paper 2764 
1-phosphate (2H,O) (c) 

«-D-Glucose Huffman & Fox 1274-6 


(1938) 
Parks, West, Naylor, 668-6 
Fujii & McClaine 
* (1946) 


(anhydrous) (c) 


Glycerol (1) 
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The heats of formation calculated from the results 
of this work are given in Table 4, together with those 
for glucose and glycerol for comparison. 


SUMMARY 


1. The heats of combustion of dipotassium 
glucose 1-phosphate, disodium glycerol 1-phosphate 
and disodium glycerol 2-phosphate have been 
determined in a bomb calorimeter. 

2. Possible errors in the determinations are 
discussed and the stoicheiometry of the combustion 
reactions are established. 

3. The heats of formation of the compounds 
examined have been calculated. 

The authors thank the Royal Society for a grant for the 
purchase of the calorimetric equipment and the Central 
Research Fund of the University of London for a grant for 
the purchase of potentiometric equipment; they also thank 
Mr D. Bone and Mr V. L. Bengeri for invaluable technical 
assistance. One of the authors (H. B.C.) thanks the Depart- 
ment of Scientific and Industrial Research for a personal 
grant. 
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Some Observations on the Measurement of ‘ Binding’ of 
Cyanocobalamin by ‘Intrinsic Factor’ Preparations 


By MARGARET E. GREGORY anp E. 8. HOLDSWORTH 
National Institute for Research in Dairying, Shinfield near Reading, Berks 


(Received 18 December 1956) 


In certain body tissues and fluids, particularly 
gastric juice and serum, there are present sub- 
stances having the property of combining with 
cyanocobalamin so that its activity for micro- 
organisms is altered and on dialysis it does not pass 
through a cellophan membrane. The ability of 
gastric juice to combine with added cyanocobalamin 
is closely associated with its ‘intrinsic factor’ 
activity, but there have been conflicting reports on 
the identity of ‘binding’ activity with intrinsic- 
factor activity. To some extent this confusion has 
come about because the different groups of workers 
have used different methods for measuring binding 
activities. 

For example, Bird & Hoevet (1951) measured the 
binding activity of an intrinsic-factor concentrate 
by three methods and obtained three different 
results. The first method was that of Ternberg & 
Eakin (1949), in which graded doses of the concen- 
trate were added aseptically to a series of auto- 
claved tubes, each containing assay medium plus 
0-5 umg. of cyanocobalamin. The minimum amount 
of protein required to inhibit the growth of the test 
organism (Lactobacillus leichmannii) was taken as 


the amount which bound 0-5 umg. of cyanocobala- 
min. In the second method, a constant amount of 
intrinsic-factor concentrate was added aseptically 
to increasing amounts of cyanocobalamin. The 
binding activity was calculated from the lowest level 
of cyanocobalamin at which growth occurred. This 
level was three times higher than that found by the 
first inhibition method. The apparent binding 
activity was increased a further tenfold if the 
method of measurement was based on the non- 
dialysability of the bound vitamin. Bird & Hoevet 
suggest that the last method is the more reliable and 
that in the growth-inhibition test L. leichmannii is 
able to utilize all but a small part of the bound 
vitamin. 

Rosenthal & Sarett (1952) also used a dialysis 
method and L. leichmannii to measure the cyano- 
cobalamin-binding activity of normal human serum. 
Their results were considerably higher than those 
obtained for normal serum by Pitney, Beard & Van 
Loon (1954), who measured the activity by the 
Euglena gracilis tube assay method of Ross (1952). 
This method depends on the assumption that bound 
cyanocobalamin is unavailable to EZ. gracilis unless 
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it is heated with the assay medium at 100° for 
30min. Pitney et al. (1954) added increasing 
amounts of cyanocobalamin (from 50 to 1000 pug.) 
to 1 ml. portions of normal serum, then assayed the 
mixture for free and bound cyanocobalamin. The 
binding capacity appeared to increase with in- 
creasing amounts of added vitamin. Raine (1955) 
used a similar method to measure the binding 
activity of an intrinsic factor preparation and found 
a similar non-stoicheiometric relationship. She 
added an excess of cyanocobalamin to the intrinsic- 
factor preparation and measured the free vitamin by 
the Escherichia coli plate-assay technique. This 
method depends on the assumption that bound 
cyanocobalamin is inactive for Esch. coli in plate 
assays. 

A wild type of Esch. coli, which can absorb large 
amounts of cyanocobalamin, was used by Hoff- 
Jorgensen (1952) for measuring the free and bound 
vitamin. The cyanocobalamin absorbed by the 
Esch. coli cells was measured by boiling the cells and 
determining the released vitamin with L. leich- 
mannii. In the presence of intrinsic-factor prepara- 
tions, the cells were unable to absorb the vitamin 
from the solution. Chow & Davis (1952) employed 
a similar method, except that they used resting LD. 
leichmannii cells to absorb ®°Co-labelled cyanocobal- 
amin. Thus they could estimate the bound vitamin 
directly by measuring the radioactivity of the cells, 
and no problem of releasing the cyanocobalamin 
for subsequent assay was involved. Using this 
technique they found that heparin and yeast 
nucleic acid prevented the uptake of vitamin B,, 
by the L. leichmannii cells, and they concluded that 
these substanves combined with the vitamin. 

In our work on the bound form of cyanocobalamin 
in milk and other tissues, we have used an ultra- 
filtration technique for measuring cyanocobalamin- 
binding activity (Gregory & Holdsworth, 1955). The 
purpose of this paper is to present some of our 
observations on the different methods of measuring 
binding activity, as they may be of some assistance 
to others in interpreting results obtained in different 
laboratories. 


EXPERIMENTAL 


Intrinsic-factor concentrate. This was a commercial pre- 
paration, Bendogen (G.E.A. Copenhagen), made from pig 
pyloric mucosa. 

Sow’s milk whey concentrate. The material, SF8, was that 
used in our previous experiments on binding activity 
(Gregory & Holdsworth, 1955). 

Radioactive cyanocobalamin. Material with activity 
100 nc/mg. was kindly provided by Glaxo Laboratories Ltd., 
Greenford, Middlesex. 

Tube assays. The Lactobacillus leichmannii ATCC 4797 
tube-assay method was that of Skeggs, Nepple, Valentik, 
Huff & Wright (1950), modified as described by Gregory 
(1954). 
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Plate assays. For the Escherichia coli 113-3 plate assays 
we used the medium of Burkholder (1951) with 2% agar 
added, but substituting thiomalic acid for sodium thio- 
glycollate. The Esch. coli 113-3 was obtained from Glaxo 
Laboratories, Ltd. Large plates (22 em. x 37 em.) were used. 
2:3:5-Triphenyltetrazolium chloride (200 mg.) was added to 
the medium (300 ml.) before pouring, so that the growth 
zones would show up red on a colourless background (Ford & 
Holdsworth, 1953). Unless otherwise stated, 0-4 ml. of a 
5 hr. culture of Esch. coli (approx. 15 x 10° organisms) was 
used to inoculate the plate. The test solutions were applied 
to the plate by the pad method of Jukes & Williams (1954), 
0-01 ml. of cyanocobalamin solution or test preparation 
being applied to a 6 mm. disk of no. 4 Whatman filter paper. 
When Whatman A.A. disks (diam. 10 mm.) were used the 
volume added to the disk was increased to 0-1 ml. The plates 
were incubated for 18 hr. at 28° and the diameters of the 
red growth zones were measured. 

Elution of the dyestuff from the growth zones. In addition to 
measurement of growth by the diameter of the zones, the 
amount of red formazan pigment produced by the micro- 
organism from the triphenyltetrazolium chloride was also 
estimated. The zones were cut out of the agar with a cork 
borer and the agar disk was placed in a stoppered tube 
together with sufficient tetrahydrofuran to make the 
volume to 10 ml. The eluted colour was measured in a 
Unicam SP. 600 spectrophotometer. 

Measurement of binding activity of Bendogen by the plate- 
assay method, A solution of Bendogen in water was made up 
at a concentration of 100 mg./ml. Increasing amounts of 
cyanocobalamin were added to 1 ml. portions of the solution 
so that in some of the solutions excess of the binding factor 
and in others excess of cyanocobalamin was present. These 
solutions were diluted to concentrations of approx. 1-0, 0-1 
and 0-Ol pg. of cyanocobalamin/ml. and assayed by the 
pad-plate method. In other experiments to measure 
binding activity we used the conditions and method of 
Raine (1955). 

Effect of size of inoculum and of paper pads on the growth 
activity of bound cyanocobalamin in plate assays. A large 
plate was inoculated with 0-4 ml. of a 5 hr. culture of Esch. 
coli (approx. 15 x 10® organisms) and a second plate was 
inoculated with one-eighth of this amount. The cyano- 
cobalamin standard solution at 1-0, 0-1, 0-01 wg./ml. and the 
test solutions were applied to both small (6 mm. diam.) and 
large (10 mm. diam.) pads, 0-01 ml. of solution being used 
for small pads and 0-1 ml. (of ten-times diluted solution) for 
the larger pads, so that the same amount of cyanocobalamin 
was present. 

Both plates were divided into quarters and the positions 
of the large and small pads were arranged at random in 
opposite quarters, each standard or test solution being 
assayed in duplicate on both sizes of pad. 

Measurement of binding activity by growth-inhibition 
method. The method was that described by Gregory & 
Holdsworth (1953). 

Measurement of binding activity by ultrafiltration. The 
apparatus and methods were those previously described 
(Gregory & Holdsworth, 1955). All solutions contained 
NaCl at a final concentration of 0-9% (w/v). The first 
0-3 ml. (approx.) of ultrafiltrate was rejected, the cellophan 
wiped with filter paper, then the next 1 ml. of ultrafiltrate 
was collected for assay by L. leichmannii or for estimation 
of radioactivity. ’ 
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Use of ®Co-labelled cyanocobalamin for measuring binding 
activity. An extension of the ultrafiltration method was the 
use of ®°Co-labelled cyanocobalamin so that the concentra- 
tion of the vitamin in the ultrafiltrate could be determined 
by physical methods. The conditions of the experiment 
depended on the specific activity of the cyanocobalamin and 
the sensitivity of the counting equipment. The samples of 
[®Co]eyanocobalamin used in our experiments had specific 
activities from 20 to 100 wc/mg. The 10 ml. of liquid used for 
ultrafiltration contained 2-4yg. of cyanocobalamin and 
sufficient binding protein to combine with approx. half 
the vitamin (e.g. 10 mg. of Bendogen). When 1 ml. 
of ultrafiltrate had collected, it was diluted to 10 ml. 
and the radioactivity determined in a liquid counter 
type M6 (20th Century Electronics, New Addington, 
Surrey). 

To test the effect of concentration on the determination of 
binding activity, experiments were made with cyanocobal- 
amin of the lower specific activity (20 nc/mg.), 40 ug. being 
added to 100 mg. of Bendogen in 10 ml. of liquid for 
ultrafiltration. 

Stability of the cyanocobalamin—protein complex to dialysis 
and to exchange of the cyanocobalamin. Bendogen (100 mg.) 
and [®Co]eyanocobalamin (31 yg.), specific activity 92 uc/ 
mg., were dissolved in 5 ml. of distilled water. The free 
vitamin was estimated by ultrafiltration, 0-5 ml. being 
collected. The material remaining in the cellophan tubing 
was dialysed against running tap water for 48 hr., then 
against four 500 ml. portions of distilled water. The final 
500 ml. were freeze-dried and examined for radioactivity. 
A portion of the dialysed material was diluted and the 
amount of bound cyanocobalamin estimated by determining 
the radioactivity. The binding activity obtained by the 
dialysis method was compared with that given by the ultra- 
filtration technique. 

The bound radioactive cyanocobalamin was diluted to 
2yug. of cyanocobalamin/ml. and 1 ml. portions were 
incubated for 4, 24 or 96 hr. at 30° with either 4 ml. of 
distilled water or 4 ml. of solutions containing 10 or 100 yg. 
of unlabelled cyanocobalamin. The amount of [®°Co]eyano- 
cobalamin that had exchanged with unlabelled vitamin was 
estimated by ultrafiltering a portion of the liquid and 
measuring the radioactivity in the ultrafiltrate. 
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RESULTS 


Plate-assay method for measuring binding activity 


The results of an attempt to measure the binding 
activity of Bendogen by the plate-assay method are 
illustrated in Table 1. With 28 ng. of cyanocobal- 
amin added to 100 mg. of Bendogen, the amount of 
the vitamin available to Esch. coli increased from 
32 % of the total present when the test solution con- 
tained 1-4yg. of bound cyanocobalamin/ml. to 
100 % when the test solution was diluted a further 
hundredfold to contain 0-014 n»g./ml. That this was 
not an effect of dissociation of the vitamin—protein 
complex was shown by ultrafiltering the most 
dilute solution and measuring any free vitamin in the 
ultrafiltrate. By neither radioactivity nor micro- 
biological techniques could we detect in the ultra- 
filtrate more than 1 % of the total vitamin present 
in the original solution. 

It can also be seen from Table 1 that as the ratio of 
binding factor to added cyanocobalamin increased 
the microbiological availability of the vitamin 
decreased, but with each level of added vitamin the 
microbiological activity increased with increasing 
dilution of the test solution. The binding activity of 
the Bendogen calculated from the different assay 
levels is shown in the last column of the Table. The 
activity differed according to the dilution at which 
the Bendogen solution was assayed and _ also 
according to the ratio of binding factor to added 
cyanocobalamin. 


Effect of increasing both the inoculum and diameter of 
the assay pads on the activity of bound cyanocobal- 
amin in plate assays 
The availability of the bound vitamin to Esch. 

coli on the different sizes of pad and with two levels 

of inoculum was calculated from the diameters of 





Table 1. Effect of varying the ratio of binding factor (Bendogen) to added vitamin By, 


on the measurement of ‘binding activity’ by an Escherichia coli plate assay 


Assay level 
(ug. of bound 


vitamin B,,/ml.) 


100 mg. of Bendogen + 1-4 
28 wg. of vitamin B,, 0-14 
0-014 
100 mg. of Bendogen + 1-0 
20 ug. of vitamin B,, 0-125 
0-0125 
100 mg. of Bendogen + 0-7 
l4yg. of vitamin B,, 0-07 
0-007 
100 mg. of Bendogen + 0-125 
10 yg. of vitamin B,, 0-0125 


0-00625 


Vitamin B,. measured 





c 7” 
Amount Vitamin B,,- 
detected Percentage __ binding activity 
(ug./100 mg. of that (ug./mg. of 
of Bendogen) present Bendogen) 
9-0 32 0-19 
16-0 57 0-12 
28-0 100 0 
0 0 >0-20 
1:3 6 0-19 
10-2 51 0-19 
0 0 >0-14 
4-4 31 0-10 
7-0 50 0-07 
0 0 >0-10 
0 0 >0-10 
3-0 30 0-07 
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Table 2. Effect of size of inoculum and size of the assay pad on the availability 
of bound cyanocobalamin to Escherichia coli in plate assays 


The availability of bound cyanocobalamin is expressed as a percentage of the total cyanocobalamin present. 


Availability of bound cyanocobalamin 
- EE 








Normal inoculum 
(15 x 10° organisms/plate) 


ons 
6mm. Pad 








— " 
Dilute inoculum 
(2 x 10° organisms/plate) 
— 


Se oT 


= | resi 
10 mm. Pad 6 mm. Pad 10 mm. Pad 


Assay level ————cxqx.+, i ccxKNK -—, ~ _—--- 
(ug. of bound By zone By Byzone By Byzone By Byzone_ By 

eyanocobalamin/ diam. colour diam. colour diam. colour diam. colour 
ml.) (%) %) (%) (%) % (%) %) (%) 
100 mg. of Bendogen + 1-4 6 + 18 20 + 2 20 8 
28 wg. of cyanocobalamin 0-14 34 21 52 48 28 27 57 53 
0-014 67 55 72 130 44 71 86 100 
100 mg. of Bendogen + 1-0 3 2 20 31 2 3 19 10 
20 wg. of cyanocobalamin 0-1 29 24 46 55 30 21 58 50 
0-01 70 52 47 110 25 95 56 104 
100 mg. of Bendogen + 0-7 0 0 1 6 0 0 4 1 
14 ug. of cyanocobalamin 0-07 22 24 22 43 19 15 43 13 
0-007 52 61 -- 108 26 77 43 128 


Table 3. Cyanocobalamin-binding activity of 
Bendogen, measured by the ultrafiltration method 


A different sample of Bendogen from that quoted in 
Table 4 was used. Test organism, Lactobacillus leichmannii. 


pg. of cyanocobalamin 
bound/mg. of Bendogen 
—, 


es eae. 
Assay 1 Assay 2 Assay 3 


2 mg. of Bendogen + 0-292 0-283 0-292 
0-6 ug. of eyanocobalamin 
2 mg. of Bendogen + 0-299 0-289 0-297 
0-7 ug. of cyanocobalamin 
2 mg. of Bendogen + 0-306 0-301 —_ 
0-8 ug. of eyanocobalamin 
Mean 0-291 


0-299 0-295 
the zones of growth and from the elution and 
measurement of the red colour present in the growth 
zone. It is shown in Table 2, expressed as a per- 
centage of the total cyanocobalamin present. 

Decreasing the inoculum made the growth zones 
larger and less densely coloured. With both sizes of 
pad and with both normal and diluted inocula, the 
growth activity of the Bendogen—cyanocobalamin 
solutions (measured by the zone diameter, or 
colour) increased with increasing dilution of the 
solution. However, although both showed the same 
trends, the activities measured by the zone di- 
ameters were not always in agreement with those 
measured by the colour of the zone, particularly 
with the more dilute solutions. 

Further, different growth activities were ob- 
tained with different sizes of pad, the larger pads 
generally giving the higher activity. The amount of 
inoculum used in the plate also had an effect on the 
growth activity measured by the growth-zone 


diameter of the small pads. These were higher with 
the normal inoculum, but the activities measured by 
colour tended to be higher on the plate with the 
diluted inoculum. 


Binding activity determined by 
ultrafiltration and dialysis 


Table 3 shows the binding activity of a sample of 
Bendogen assayed on three separate occasions. 
Each ultrafiltrate was assayed by L. leichmannii 
and the estimate of binding capacity calculated 
from three assay levels with duplicate tubes (cf. 
Gregory & Holdsworth, 1955). Also three different 
amounts of cyanocobalamin were added to a fixed 
amount of Bendogen and the same binding capacity 
was obtained. 

When 100mg. of Bendogen and 31-0yg. of 
[®Co]eyanocobalamin reacted in 5 ml. of solution, 
ultrafiltration showed that 8-5yg. of cyano- 
cobalamin was present in free form, i.e. 22-5 ug. was 
bound by 100 mg. of Bendogen. After the solution 
remaining in the cellophan sac had been dialysed it 
contained a total of 21-0yug. of eyanocobalamin, 
presumably in bound form since the free vitamin is 
readily diffusible. No radioactivity was detected in 
the last 500 ml. of dialysate. Thus ultrafiltration 
and dialysis methods gave 0-23 and 0-21 pg./mg. as 
the eyanocobalamin binding capacity of Bendogen. 

A comparison of the binding capacity of a parti- 
cular sample of Bendogen, determined by different 
methods, is shown in Table 4. The ultrafiltration 
method (with either microbiological or radiometric 
assays) gave similar results over a wide range of 
conditions. The plate assays, however, gave variable 
results as described above. 
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Table 4. Comparison of different methods used for measuring the cyanocobalamin-binding activity 
of extracts of pig pyloric mucosa (Bendogen) and sow’s whey (SF 8) 


Binding 
activity 
Method Test conditions (ug./mg ) 
Bendogen 
1. Ultrafiltration: 0-24-0-28 wg. of cyanocobalamin/mg. of 0-22 
L. leichmannii Bendogen in 10 ml. of saline 
2a. y 2-4 wg. of cyanocobalamin/10 mg. of 0-22 
Bendogen in 10 ml. of saline 
2b. | Ultrafiltration: 40 wg. of cyanocobalamin/100 mg. of 0-21 
[®Co]eyanocobalamin Bendogen in 10 ml. of saline 
2c. 31 pg. of cyanocobalamin/100 mg. of 0-23 
Bendogen in 5 ml. of water 
3. Dialysis: 31 pg. of cyanocobalamin/100 mg. of 0-21 
[®Co]eyanocobalamin Bendogen in 5 ml. of water 
4. Esch. coli plate assay 10-28 pg. of cyanocobalamin/100 mg. of 0 to > 0-20 
Bendogen at different dilutions in water* 
Sow’s whey concentrate (SF 8) 
1. Ultrafiltration: 0-10-0-20 yg. of cyanocobalamin/mg. of 0-12 
L. leichmannii SF8 in 10 ml. of saline 
2. Ultrafiltration: 2-0 ug. of cyanocobalamin/10 mg. of 0-12 
[Co ]eyanocobalamin SF8 in 10 ml. of saline 
3. Growth inhibition: 0-4 umg. of cyanocobalamin/assay tube. 0-11 


Esch. coli tube assay 


0-625-5-0 ug. of SF8 added aseptically 


* See Table 1. 


Table 4 also shows the binding capacity of 
a concentrate from sow milk whey (SF'8) deter- 
mined by the growth-inhibition and ultrafiltation 
methods. Good agreement was found between the 
two methods. 


Stability of the complex 

When the radioactive cyanocobalamin—protein 
complex was incubated with water for 4, 24 or 
96 hr., no radioactivity could be detected in the 
ultrafiltrate. When amounts of 10 or 100 yg. of un- 
labelled cyanocobalamin were added to the complex 
no exchange was detectable in 4 hr. After 24 hr. at 
the 100 yg./4 ml. level 2-5% of the bound radio- 
active cyanocobalamin had been exchanged. After 
4 days at the 100yg. level 7-5% of the original 
2g. of radioactive cyanocobalamin was released. 


DISCUSSION 


The results of our experiments with cyanocobalamin 
combined with an extract of pig pyloric mucosa 
(Bendogen) show that the bound vitamin has growth 
activity for Escherichia coli in plate assay. The 
amount of growth obtained from a certain amount of 
bound cyanocobalamin depended on the dilution at 
which it was assayed, on the amount of inoculum 
used on the plate, on the size of the disk on which 
the test solution was spread and finally on the ratio 
of vitamin to binding factor. The higher growth 


activity obtained with the more dilute solutions of 
the vitamin complex appears to be connected with 
the amount of complex presented to a given number 
of micro-organisms. In Esch. coli plate assays the 
diameter of the growth zone varies linearly with the 
log of the concentration of the vitamin and it is 
difficult to obtain accurate results. We have found 
that an error of 0-05 mm. in measuring the zone 
diameters could alter the estimate of binding 
activity by as much as 66%. It is not surprising 
that Raine (1955), using Esch. coli plate assays, 
was unable to find a stoicheiometric relationship 
between added cyanocobalamin and the binding 
substance. 

It is possible that under certain experimental 
conditions other assay micro-organisms, e.g. 
Euglena gracilis, can utilize the bound cyanocobal- 
amin in the presence of the free vitamin, and this 
would explain the discrepancies between the various 
methods of measuring binding activity. For this 
reason we have separated the measurement into 
two parts: (a) the separation of a specimen of free 
cyanocobalamin by ultrafiltration from a mixture 
of binding substance with excess of vitamin and (b) 
the estimation of the concentration of the free 
cyanocobalamin in the ultrafiltrate by micro- 
biological or radiometric techniques. If only a 
small proportion of the liquid is ultrafiltered, the 
concentration of free vitamin in the ultrafiltrate will 
be the same as that in the mixture and the amount 
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of cyanocobalamin bound can be calculated. Over 
a wide range of concentration of Bendogen the 
combining capacity was the same, 0-21—0-23 ug./mg. 
Further, when excess of [®°Co]eyanocobalamin was 
added to Bendogen, the excess dialysed away and 
the residual vitamin measured, it was again found 
that the sample of Bendogen bound 0-21 yg./mg. 
Thus the dialysis and ultrafiltration methods used 
as described here give results in good agreement. 
However, for routine estimations the ultrafiltration 
method is the quicker. It takes only about 1 hr. to 
collect 1 ml. of filtrate, whereas a period of about 
48 hr. is required to dialyse away all traces of free 
vitamin B,, frem the mixture. In their studies on the 
binding of cyanocobalamin by serum Rosenthal & 
Sarett (1952) dialysed 5 ml. of serum plus 0, 10 or 
30 umg. of cyanocobalamin against 25 ml. of saline 
for 48 hr. or against frequent changes of Clark 
& Lubs buffer for 65 hr. Since their experiments 
were designed to demonstrate that the cyanocobal- 
amin of normal serum was firmly bound and that the 
serum could bind limited amounts of the added 
vitamin, they did not report precise figures for the 
binding activity of different samples of serum. 
Similarly we found that equilibrium dialysis of this 
type did not give reproducible results in experi- 
ments of up to 24 hr. duration. 

An additional advantage of the ultrafiltration 
method is that the ultrafiltrate contains only free 
cyanocobalamin, which can be measured micro- 
biologically simply by diluting the filtrate to the 
appropriate vitamin concentration. With the 
dialysis method, the dialysate is usually too dilute 
for accurate measurement of the free vitamin and 
therefore the bound vitamin remaining in the 
cellophan bag has to be estimated. This requires 
some treatment, such as digestion with papain, to 
make the cyanocobalamin fully available to the test 
organism. This difficulty can be overcome by the 
use of [*°Co]eyanocobalamin, the bound vitamin 
being estimated from the radioactivity of the liquid 
remaining inside the dialysis sac. The Bendogen has 
been tested by the method depending on the 
inhibition of uptake of cyanocobalamin by Esch. 
coli cells (Hoff-Jorgensen, 1952), and it was found 
that 1 mg. of Bendogen prevented the uptake of 
0:22 ug. of cyanocobalamin (E. Hoff-Jorgensen, 
private communication). There is a danger, however, 
in using bacterial cells to differentiate between free 
and bound eyanocobalamin, that the test substance 
may alter the surface of the cell so that it can no 
longer absorb the free vitamin. Chow & Davis 
(1952), using a method in which the excess of free 
vitamin was absorbed by resting suspensions of L. 
leichmannii, reported strong cyanocobalamin- 
binding activity by heparin, chondroitin sulphate 
and nucleic acid preparations. None of these sub- 
stances bound the vitamin when tested by our ultra- 
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filtration procedure and it is conceivable that these 
materials interfered in some non-specific manner 
with the uptake of the free vitamin by L. leichmannii. 
Similarly Bird & Hoevet (1951) found that by the 
growth-inhibition methods lysozyme appeared to 
bind cyanocobalamin, whereas the dialysis method 
indicated there was no true ‘binding’ by lysozyme. 
The reaction between free cyanocobalamin and 
the specific protein from pig pylorus is rapid and a 
stable complex results. The amount of free vitamin 
present in an aqueous solution of the complex 
could not be measured accurately but was much less 
than 1 % of the total vitamin. Further, dialysis for 
48 hr. against running water did not remove 
measurable amounts of cyanocobalamin. Attempts 
to replace the radioactive vitamin in the complex by 
incubation with a large excess of the unlabelled 
vitamin showed that the exchange was very slow. 
Our work shows that the well-defined complex of 
cyanocobalamin and binding protein can, under 
certain conditions, support the growth of micro- 
organisms. We therefore believe that the most 
suitable method for routine measurements of bind- 
ing capacity is the ultrafiltration method, which 
avoids growing the test organism in the presence of 
the vitamin—protein complex and is more rapid and 
easier to manipulate than the dialysis method. 


SUMMARY 


1. Cyanocobalamin bound to extracts of pig 
pyloric mucosa (intrinsic-factor concentrates) is 
active for Escherichia coli in plate-assay techniques ; 
therefore the use of plate assays, and possibly other 
assays, with micro-organisms for measuring binding 
activity is unsound. 

2. The ultrafiltration method, previously de- 
scribed by us, for measuring binding capacity has 
been extended by the use of radioactive cyano- 
cobalamin. Further evidence of the reliability of 
this method is presented and its advantages over the 
dialysis method are discussed. The technique is not 
subject to interference by such substances as 
lysozyme, heparin, chondroitin sulphate and 
nucleic acids, as are methods depending on uptake 
of free vitamin by bacteria. 

3. The cyanocobalamin-—protein complex is 
stable to dialysis and only siowly exchanges its 
bound vitamin in vitro, even in the presence of a 
large excess of free cyanocobalamin. 

The authors wish to express their thanks to Dr 8. K. Kon 
for his helpful advice and criticism and to acknowledge the 
technical assistance of Mrs Olive Bullock. 
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Sucrose Formation by Taka-diastase: Action of the Enzyme on 
Methyl @-Fructofuranoside and Raffinose 


By H. J. BREUER* anp J. S. D. BACONT 
Department of Biochemistry, University of Sheffield 


(Received 23 October 1956) 


Invertase preparations from several sources (see 
Bacon, 1954, for summary; Allen & Bacon, 1956) 
have been shown to possess transfructosylase 
activity. Fischer, Kohtés & Fellig (1951) first 
suggested that this could be explained by a reaction 
mechanism involving a fructosyl-enzyme inter- 
mediate: 


Fru-G + enz= enz-Fru+G, (1) 
enz-Fru+ R-OH= R:O-Fru+enz, (2) 
enz-Fru + H,O = Fru+enz, (3) 


equation (2) representing ‘transfer’ and equation 
(3) ‘hydrolysis’. Similar mechanisms have been 
proposed for other transglycosylases (see review by 
Edelman, 1956). 

The fructosyl radical is usually transferred to a 
primary alcoholic group in the acceptor, the one 
notable exception being the transfer to the reducing 
group of glucose, which accounts for a large part of 
the total transferring activity of mould invertase in 
sucrose solution; by this action sucrose is re- 
synthesized, as may be demonstrated by the use of 
radioactive glucose (Edelman & Bealing, 1953; 
Edelman, 1954). The failure of yeast invertase to 
bring about resynthesis of sucrose (Edelman, 1954) 
could be due to differences in the stereochemical 
specificity of the enzyme, or perhaps to the failure 
of the hypothetical fructosyl-enzyme compound to 
preserve the ‘high-energy’ fructoside bond of 
sucrose (cf. Hestrin, Feingold & Avigad, 1956). 

Edelman (1954) mentioned, without giving 
details, that when sucrose was replaced by methyl 
B-fructoside as substrate for mould invertase, no 
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sucrose or other oligosaccharides were formed in the 
presence of glucose. Since this observation raised 
doubts about the validity of the fructosyl-enzyme 
hypothesis (cf. Edelman, 1956), we thought it 
worth while to investigate it more fully, and also to 
see whether the enzyme would synthesize sucrose by 
fructose transfer to glucose when raffinose was the 
substrate. With methyl] £-fructoside as substrate no 
sucrose formation was detected. With raffinose, 
sucrose was formed, and it was shown by the use of 
radioactive glucose that this arose by transfructo- 
sylation, not by the removal of the galactose residue 
from the trisaccharide. 

In the following account we include details of the 
preparation of methyl 8-fructoside by the action of 
yeast invertase on solutions of sucrose and methanol, 
a preliminary account of which has been published 
(Bacon, 1952). 


EXPERIMENTAL 
Methods 


The analytical methods used were essentially those de- 
scribed by Bacon (1954). The handling and counting of 
radioactive glucose followed that described by Edelman 
(1954); all the counts given are corrected for background. 
Uniformly labelled [!C]glucose, from the Radiochemical 
Centre, Amersham, Bucks (1-3 mg. containing 0-1 mc), 
was dissolved in 0-5 ml. of 2 % (w/v) glucose solution and was 
purified as described by Allen & Bacon (1956) before use. 
In addition, the test of Raybin (1933) for sucrose and some 
of its derivatives was adapted for use on paper chromato- 
grams: 15 mg. of diazouracil was dissolved in 10 ml. of 
0-1n-NaOH. The solution, which changed in colour from 
red to yellow-green within 30-40 sec., was sprayed at once 
on the chromatogram. This was then partly dried by heating 
in an oven at 60—80° for 3 min., dipped through 2 % aqueous 
MgCl, and blotted between filter papers. Sucrose, raffinose, 











Vol. 


stack 
syl-(: 
side] 
one 
Glue 
In 
diast 
in wi 
agair 
wise 
prep 
solut 
(Bec: 
amo 
enzy! 
initie 
perfo 
tube: 
ceed 


(1954 

Mi 
of th 
sucro 
cond 
fruct 
wate! 
the r 
(Briti 
48 hr 
0-25 
allow 
mine 
abou 
much 
hydr 
0-1. 
soluti 
temp 

At 
folloy 
mixti 
solve 
Carbc 
been ° 
ethan 
elutec 
into 1 
and ¢ 
fruct« 
B-fruc 
separ: 
was ¢ 
some 











Vol. 66 


stachyose and 6°%-8-fructosylsucrose [O-f-p-fructofurano- 
syl-(2->6)-O-a-D-glucopyranosyl-(l—2) -p-fructofurano- 
side] gave a blue spot on a colourless background, stable for 
one day; about 100yug. of material/spot was required. 
Glucose, fructose, maltose and melibiose gave no reaction. 

Incubation with Taka-diastase. A preparation of Taka- 
diastase (Parke, Davis and Co. Ltd., London) was dissolved 
in water and dialysed for 48 hr. in the presence of CHCl, 
against running tap water. In all experiments, unless other- 
wise stated, a 20% (w/v) solution of the Taka-diastase 
preparation was made, and an equal volume of the dialysed 
solution was added to the buffered solution of sugars. 
(Because the Taka-diastase preparation contains large 
amounts of lactose the concentration of dry matter in the 
enzyme solution falls during dialysis to about 5% of its 
initial value; cf. Bealing & Bacon, 1953.) Incubations were 
performed at room temperature (16-20°) in glass-stoppered 
tubes. Chloroform was added if the time of incubation ex- 
ceeded 10 hr. The initial concentration of all sugars was 
10% (w/v) unless otherwise stated, and the pH was main- 
tained at 5-0 by the presence of 0-05 M-sodium acetate—acetic 
acid buffer. Samples for paper chromatography were 
inactivated by placing them on paper pretreated with 
HgCl, ; larger samples were heated for 15 min. in a boiling- 
water bath. 

Materials 


Sugars. Glucose, fructose, sucrose, maltose and raffinose 
were commercial samples. Stachyose was prepared by 
Dr F. J. Bealing (Bealing, 1953), and 6°-8-fructosylsucrose 
and 6-8-fructosylglucose were isolated as described by Bacon 
(1954). 

Methyl B-v-fructofuranoside. Preliminary investigations 
of the action of yeast invertase on solutions containing 
sucrose and methanol led to the selection of the following 
conditions for the large-scale preparation of methyl f- 
fructoside: 8-2 g. of sucrose (A.R.) was dissolved in 16 ml. of 
water and 80 ml. of 40 % (w/v) aqueous methanol added. To 
the mixture was added 4-0 ml. of Invertase Concentrate 
(British Drug Houses Ltd.), which had been dialysed for 
48 hr. against running tap water and diluted tenfold with 
0-25Mm-sodium acetate—acetic acid buffer, and the reaction 
allowed to proceed at room temperature for a time deter- 
mined by preliminary tests of the enzymic activity (usually 
about 5hr.). Under these conditions about 2-5 times as 
much fructose is transferred to methanol as is liberated by 
hydrolysis. The reaction was stopped by adding 10 ml. of 
0-1mM-HgCl,, and after neutralization with 0-1N-NaOH the 
solution was evaporated to dryness in vacuo with a bath 
temperature not exceeding 50°. 

A typical separation of the methyl B-fructoside was as 
follows: the residue from the evaporation of the incubation 
mixture, corresponding to 26 g. of initial sucrose, was dis- 
solved in 125 ml. of water and applied to a large Active 
Carbon no. 130-Celite column (300 g.:300 g.), which had 
been washed previously with 10 1. of water, 3 1. of 15 % (v/v) 
ethanol and 101. of water in succession. The sugars were 
eluted with a gradient made by dropping 50 % (v/v) ethanol 
into 10 |. of water. Fractions of about 100 ml. were collected 
and examined by paper chromatography. They showed 
fructose and glucose emerging after 1600 ml. and the methyl 
B-fructoside following immediately after, but completely 
separated from them, at 2500 ml. The methyl B-fructoside 
was contained in 615 ml. of effluent, and was separated by 
some 300 ml. from the next sugar to emerge (disaccharide). 
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On evaporation to dryness 5-15 g. of a slightly mobile syrup 
was obtained, having [«]}?-51° (c, 5-15; 2dm. tube). 
Paper chromatography showed a single component, and the 
material was used for enzyme experiments without any 
further purification. A preliminary characterization of the 
compound has already been given (Bacon, 1952); its com- 
plete characterization will be the subject of a separate 
communication (Bell & Bacon, 1957). 


RESULTS 


Action of Taka-diastase on methyl B-fructoside 
with and without glucose 


When Taka-diastase was incubated with methyl 
B-fructoside alone, within a few hours a new com- 
pound could be detected on paper chromatograms. 
It ran in the glucose position, but the colour formed 
with benzidine-trichloroacetic acid was yellow, 
indicating a sugar comprising only fructose residues. 
When glucose was present there appeared two 
additional substances, one with the properties of 
6-8-fructosylglucose (component I; Bacon, 1954), 
the other resembling isomaltose. The latter was also 
produced when Taka-diastase was incubated with 
glucose alone. 

In order to obtain more information about the 
sugars formed 1-5 g. each of methyl! f-fructoside and 
glucose were incubated with Taka-diastase for 
100 hr. and the resulting mixture was analysed by 
gradient elution from a charcoal—Celite column. 
After glucose, fructose and methyl £-fructoside 
there emerged, incompletely separated, four other 
sugars (A—D). A and B appeared on paper chro- 
matograms near the glucose position; C corre- 
sponded with 6-8-fructosylglucose and D with 
isomaltose. 

A and B were non-reducing, and each yielded 
fructose as the only sugar on hydrolysis with yeast 
invertase, or with 0:5% oxalic acid at 100° for 
25 min. Substance C yielded fructose and glucose in 
approximately equal amounts on hydrolysis with 
yeast invertase or oxalic acid, but was found to have 
associated with it a small proportion of a sugar of the 
same R,, resistant to oxalic acid and containing no 
ketose. A total of 13 mg. of C was obtained after 
removal of small amounts of contaminating sub- 
stances by a second elution from charcoal—Celite. 

To gather more evidence for the transferring 
action of Taka-diastase, experiments with radio- 
active glucose were carried out. A solution (total 
volume 0-25 ml.) containing 0-1 ml. of 20% (w/v) 
Taka-diastase, 10 mg. of methyl f-fructoside and 
10-5 mg. (5 pc) of radioactive glucose was incubated 
for 240 hr. at room temperature. The results of this 
experiment are shown in Table 1. They demonstrate 
the progressive incorporation of labelled glucose 
into the fructosylglucose spot during the first 90 hr. 
Radioautographs indicated that the amount of 
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radioactive fructosylglucose remained more or less 
constant between 100 and 240 hr. of incubation. 
After 90 hr. radioactivity was detected in the iso- 
maltose position, and increased during the following 
100 hr. No radioactivity was detected in the 
sucrose position at any stage. 


Action of Taka-diastase on raffinose 
with and without glucose 


When incubated with raffinose alone Taka- 
diastase formed fructose, melibiose, another di- 
saccharide (probably a difructose; cf. Bealing, 
1953) in the sucrose position, and a substance with 
R, less than that of raffinose. When glucose was 
present the chromatograms showed two disac- 
charide spots other than melibiose. That in the 
sucrose position now seemed to contain glucose and 
was considered to be non-reducing on the basis of 
its reaction with the alkaline silver nitrate spray of 
Trevelyan, Procter & Harrison (1950). 

In order to obtain larger amounts of these sub- 
stances Taka-diastase was incubated with 2 g. each 
of raffinose and glucose for 100 hr. and the resulting 
mixture fractionated by gradient elution from 
charcoal—Celite. The order of sugars as they emerged 
was: (1) glucose, (2) fructose, (3) melibiose, (4, 5) two 
disaccharides EF and F, incompletely separated, 
(6) raffinose and (7) probably a tetrasaccharide (cf. 
Pazur, 1952; Bealing, 1953). The fractions con- 
taining E and F were bulked (21-6 mg. of dry 
residue) and an unsuccessful attempt was made to 
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separate them by a further elution from charcoal- 
Celite. Complete separation was achieved on a 
cellulose column, with aqueous butanol as solvent. 
Each yielded glucose and fructose on hydrolysis 
with yeast invertase or dilute oxalic acid; one 
corresponded chromatographically with sucrose, the 
other with 6-8-fructosylglucose. Although the 
latter could have been formed only by the transfer 
of the fructose residue from raffinose to free glucose, 
the sucrose might not have arisen in this way, but 
simply by the removal of the galactose residue from 
raffinose. An attempt was therefore made to 
distinguish betweer. these alternatives by the use of 
radioactive glucose. 

Taka-diastase, raffinose, glucose and radioactive 
glucose (5yc) were incubated for 120hr. The 
course of the reaction was followed by spotting 3 yl. 
samples on paper chromatograms at suitable inter- 
vals. In a second experiment, Taka-diastase was 
incubated with the same amounts of raffinose and 
radioactive glucose, but without adding inactive 
glucose. The results of both experiments are shown 
in Table 2. At very low glucose concentrations 
(0-3 % in Expt. 2), a rapid and distinct incorporation 
of radioactivity into the sucrose spot was observed 
which reached its maximum at 27hr. In the 
presence of 5 % glucose, however, the incorporation 
of labelled glucose into the sucrose position appeared 
to be less rapid, and the amount of radioactivity 
was comparatively small. On the other hand, the 
examination of the fructosylglucose spots revealed 


Table 1. Action of Taka-diastase on methyl B-fructoside in the presence of radioactive glucose 


The incubation mixture described in the text was sampled at intervals, 3 ul. samples being placed on chromatograms. 
After development the radioactivity of each spot was measured by direct counting from the paper. The glucose spot gave 


about 5100 counts/min. in this experiment. 


Time of incubation (hr.) 








0-1 2 19 28 44 51 68 75 90 
Counts/min./spot 
c ; Y 
Fructosylglucose spot 3 3 13 18 18 21 22 27 34 
Isomaltose spot 0 0 0 0 0 — — 0 7 


Table 2. Action of Taka-diastase on raffinose in the presence of radioactive glucose 


In each experiment 1 drop of purified [1*C]glucose solution (5c, 0-6 mg.) was incubated with 0-1 ml. of 20% (w/v) 
Taka-diastase (dialysed), 0-02 ml. of buffer and 0-05 ml. of 20% (w/v) raffinose. In Expt. 1, 0-05 ml. of 20% (w/v) glucose 
was added; in Expt. 2, 0-05 ml. of water. After development of the chromatogram the radioactivity of the spots was 


measured directly, and is expressed as counts/min./3 yl. spot. The glucose position counted about 5000 in both experiments. 


Time of incubation (hr.) 








Expt. — 


Sucrose spot 


Fructosylglucose spot 





0-2 1 6 19 27 46-5 68 95 1215 
Counts/min./spot 
— 13 - 37 40 38 35 30 
20 41 68 69 37 30 —- 23 
13 — 20 24 35 32 20 
0 4 — 5 11 16 17 _ 10 
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Table 3. Isolation of radioactive sucrose from incubation of Taka-diastase 
with raffinose and radioactive glucose 
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The sugars in the reaction mixture (see text) were mixed with 25 mg. of sucrose and successively fractionated on charcoal 
(1), cellulose (2) and charcoal (3) columns, to isolate sucrose. This was crystallized once (4) and the crystals obtained were 
recrystallized twice, (5), (6), after a further addition of sucrose (20-4 mg.). The radioactivity of the sucrose spot on a paper 
chromatogram run in butanol—acetic acid-water was counted directly and is given for the whole fraction, per mg. dry wt., 
and per mg. of sucrose calculated from the ketose content. In some counts in the ‘whole fraction’ column only round 
numbers are given. The total counts measured on individual spots ranged from 700 to 2400, hence the accuracy nowhere 


reeds +2 9 
exceeds + 2%. 


Fraction 
Untreated mixture 
Sucrose from (2) 
Sucrose from (3) 
Crystals from (4) 
Mother liquor from (4) 
Crystals from (4) + 20-3 mg. of sucrose 
Crystals from (5) 
Crystals from (6) 
Mother liquor from (6) 


that, while at a very low glucose concentration only 
small amounts of radioactivity appeared in the 
fructosylglucose position, in the presence of a higher 


glucose concentration the rate of incorporation of 


radioactivity was greater. 

In view of these findings, it seemed desirable to 
set up an experiment on a larger scale, with the aim 
of isolating radioactive sucrose. A solution (total 
volume 1-48 ml.) containing 50mg. of raffinose, 
2-8 mg. (25 wc) of glucose, 0-10 ml. of 0-05m-sodium 
acetate buffer, pH 5-0, and 0-50 ml. of 20% (w/v) 
Taka-diastase was incubated for 20hr. After 
inactivation of the enzyme, 25 mg. of sucrose was 
added and the mixture transferred to a charcoal— 
Celite (20 g.:20 g.) column. Gradient elution was 
applied [50% (v/v) ethanol into 500 ml. of water] 
and the fractions consisting mainly of sucrose were 
bulked, evaporated and chromatographed on 
cellulose powder to remove trace amounts of meli- 
biose and fructosylglucose. After this procedure, 
fractions were obtained which showed on paper 
chromatograms a single spot, Raybin-positive, with 
the R, value of sucrose; these were subjected to 
chromatography on a small charcoal—Celite column, 
to remove cellulose degradation products. The 
purified sucrose fraction [sucrose from (3); Table 3], 
weighing 22-1 mg., was then crystallized. This and 
subsequent recrystallizations were carried out by 
dissolving the material in a small volume (x ml.; 
about 0-3 ml. for 20 mg. of sucrose) of 50% (w/v) 
ethanol, and then adding over a period of several 
days portions of absolute ethanol to a total of about 
8x ml. The crystals grew firmly attached to the walls 
of the flask so that the mother liquor could be 
removed with a Pasteur pipette, and the crystals 
washed without transference to a filter funnel. The 
recrystallization was so arranged that an appreciable 


30 


Counts/min. 





c 7 
In whole Per mg. Per mg. 


fraction dry wt. of sucrose 

6000 — — 
3150 — — 
3100 — — 
2400 200 210 
1200 110 210 
1900 55 62 
1300 56 63 

620 52 53 

400 55 58 


fraction (30—50 % of the material) was at each stage 
left in the mother liquor. 

At each stage of the isolation procedure the radio- 
activity of the suspected sucrose fraction was 
measured by applying suitable small samples (3 or 
5yl.) to paper chromatograms and counting the 
unsprayed spots before and after running (Table 3). 
It was found that the radioactivity measured in 
this way (about 10-20 counts/min./spot) decreased 
consistently by about 25 % when the chromatogram 
was developed with butanol—acetic acid—water for 
2 days. With one exception [crystals from (4): 
Table 3], this loss was not due to the seperation from 
the spots of substances other than sucrose; no 
radioactivity could be detected elsewhere by direct 
counting or by radioautography. In the crystals 
from (4) the radioautograph showed that a little 
fructosylglucose was also present. 

After the first crystallization [(4); Table 3] of the 
purified sucrose fraction a further addition of 
inactive sucrose (20-4 mg.) was made to facilitate 
the recrystallization. The results of analyses on the 
various fractions are given in Table 3. 

From the proportion of the radioactivity of the 
sucrose fractions (6000 counts/min.) to the radio- 
activity of the glucose present (1 616 000 counts/ 
min.) it could be calculated that only about 20 yg. 

- — x 2°8.x = mg of radioactive sucrose 

1616000. 180" la erae 
had been formed in this experiment, and it therefore 
seemed possible that its formation was due to 
transfer of fructose residues not from raffinose, but 
from small amounts of sucrose produced by meli- 
biase action on the raffinose. This possibility was 
therefore investigated more closely. 

By the use of the alkaline silver-nitrate spray of 
Trevelyan et al. (1950), which is more sensitive than 
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benzidine-trichloroacetic acid, it was found that 
significant amounts of glucose or galactose, or both, 
were produced when dialysed Taka-diastase solu- 
tions were incubated with raffinose. However, after 
its initial appearance during the first 24hr. of 
incubation, the amount of sugar in the glucose— 
galactose spot did not seem to increase further. At 
least two contributory causes, not so far considered, 
were found for this behaviour: one was the hydro- 
lysis of small amounts of carbohydrate (probably 
lactose) still remaining in the dialysed enzyme 
preparation; the other was the presence in the 
raffinose sample of small amounts of sucrose, which 
were detectable with benzidine-trichloroacetic acid 
when a 5 pl. spot of 20 % (w/v) raffinose was applied 
to the chromatogram. This sucrose disappeared 
quickly when the raffinose was incubated with the 
enzyme preparation, and probably accounted for 
the initial, relatively rapid glucose liberation. 

The raffinose was purified by gradient elution 
from an Active Carbon no. 130-Celite column, and 
a dialysed enzyme preparation was incubated at 
pH 5 for several days and again dialysed, after 
which it no longer showed any glucose—galactose 
liberation when incubated alone. When these were 
incubated together for 48 hr., chromatograms of 
3-5 yl. samples sprayed with the silver reagent had 
barely detectable glucose-galactose spots. A 
sample of another Taka-diastase preparation, twice 
dialysed against running tap water for 2-day 
periods, yielded nothing detectable with the silver 
reagent in the glucose—galactose position during 
48 hr. incubation with the purified raffinose, most of 
which was hydrolysed in this time to melibiose and 
fructose. Expt. 2 of Table 2 was repeated with the 
purified raffinose and Taka-diastase and gave 
essentially the same result, the radioactivity of the 
sucrose spot (5yl.) reaching 99 out of a total of 
6340 counts/min. 


DISCUSSION 


Although no attempt has been made to characterize 
all the substances produced by Taka-diastase from 
methyl f-fructoside and raffinose, in both cases 
there is evidence for more products than would be 
expected to arise from the action of a hydrolytic 
fructosidase. Its action on methyl £-fructoside 
yields, in addition to fructose, non-reducing sub- 
stances whose only sugar component is fructose. 
When glucose is present a reducing glucose-con- 
taining substance is also formed. From their R, 
values one may conjecture that these substances are 
fructosyl methyl f-fructosides, and a fructosyl- 
glucose (possibly 6-f8-fructosylglucose). [Pazur 
(1953) has already shown that a mould-enzyme 
preparation will transfer fructose residues from one 
inulobiose (1-8-fructosylfructose) molecule to an- 
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other, thus forming inulotriose.] From glucose 
alone the preparation forms a substance with the 
chromatographic properties of isomaltose, perhaps 
the result of the action of mould maltase (Wallenfels 
& Bernt, 1952), or transglucosidase (Pazur & 
French, 1952). 

From raffinose the enzyme preparation also 
forms more substances than the melibiose and 
fructose expected from simple hydrolysis. In the 
presence of glucose the most interesting of these is 
a substance which has the properties of sucrose, 
though here also a substance resembling 6-f- 
fructosylglucose is formed. 

The absence of sucrose from the products of 
action on mixtures of methyl f-fructoside and 
glucose has here been demonstrated both by a care- 
ful examination of the products by chromatography 
on paper and on charcoal, and also by the addition of 
radioactive glucose to the reaction mixture. The 
failure of the latter method to induce the appearance 
of radioactivity in the sucrose position is particu- 
larly significant, because by this means the con- 
version of only 0-1% of the glucose into sucrose 
could readily be detected. 

With a mixture of raffinose and glucose the same 
techniques showed that sucrose was formed, and 
that it was the result of the transfer of fructose to 
free glucose. Although ‘carrier’ sucrose had to be 
added, the constancy of the specific activity of the 
sucrose through two recrystallizations, at each of 
which an appreciable proportion was left in the 
mother liquor, indicates that the radioactivity was 
present in sucrose itself and not in some contami- 
nating material. (With methyl f-fructoside, and 
with raffinose, radioactive fructosylglucose was 
formed, confirming its origin from free glucose. 
Both this and radioactive isomaltose may readily be 
distinguished from sucrose, but do not necessarily 
comprise the only contaminants.) 

The experiments with raffinose were undertaken 
chiefly as a control for those with methyl f-fructo- 
side; they demonstrate that sucrose can be detected 
and isolated under conditions similar to those used 
for the incubations with mixtures of the fructoside 
and glucose. However, in themselves they are not 
entirely satisfactory. In particular it cannot be 
altogether excluded that radioactive sucrose is a 
secondary product; that sucrose is first formed by 
an «-galactosidase (melibiase) and then acts as the 
substrate for transfructosylation to free glucose. 
Such quantitative data as are available seem to 
argue against this possibility. The amount of 
glucose—galactose seen on chromatograms of incuba- 
tions with raffinose alone represents the upper limit 
of melibiase action, and the sucrose formed must 
represent a balance between its formation and 
breakdown, the latter being rapid compared with 
that of raffinose. In Expt. (1) of Table 2 it may be 
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calculated that a minimum of 84 yg. of free glucose 
had been incorporated into sucrose after 46-5 hr. 
Let us assume that under these conditions one-half 
of the sucrose formed by (hypothetical) melibiase 
action is converted into radioactive sucrose (ef. 
idelman, 1954). Without added glucose melibiase 
action might be expected to proceed at the same 
rate, but virtually all the sucrose would be hydro- 
lysed, yielding 168 yg. of glucose which, together 
with the galactose, gives a total of 336 yg. of glucose— 
galactose in 250 yl., or about 7 yg./5 pl., a quantity 
easily detectable by the benzidine—trichloroacetic 
acid spray. In practice nothing was seen with the 
reagent under these conditions. Taking the much 
more unfavourable conditions for sucrose synthesis 
represented by Expt. 2 of Table 2, or the larger- 
scale isolation experiment (Table 3), the corre- 
sponding figures are O-8yg. and 0-14yg./5 yl. 
respectively. These amounts would not be seen with 
benzidine-trichloroacetic acid, and would be 
barely detectable with the silver reagent. 

If it is conceded that sucrose is formed by fructose 
transfer from raffinose, this reaction has a very 
different order of magnitude from that with sucrose 
as donor. It would be interesting to know whether 
the strong inhibitory action of «-glucose, which led 
to the characterization of mould invertase as a 
glucosaccharase (see Bealing, 1953), is also exerted 
against raffinose hydrolysis, since in this case the 
rate of re-formation of the sucrose linkage, which 
may equal the rate of hydrolysis when sucrose is 
substrate (Edelman, 1954), is much smaller. 

Hestrin, Feingold & Avigad (1955) have shown 
that levansucrase (from Aerobacter levanicum) is 
capable of synthesizing sucrose from mixtures of 
glucose and raffinose; that their preparations con- 
tained no melibiase was shown both by their failure 
to produce galactose or glucose from raffinose, and 
also the failure of mixtures of the enzyme with 
dextransucrase to produce dextran from raffinose. 
Ina further publication these authors (Hestrin et al. 
1956) have suggested that levansucrase acts only on 
a terminal 8-fructofuranosidic group attached to 
the anomeric carbon of an aldose, and not on the 
same group attached to a carbinol carbon; they 
symbolize the former as a high-energy fructoside 
(Fru~R) and the latter as a low-energy one 
(Fru<R). The invertases are apparently capable of 
attacking both types. Their transferring action is 
chiefly to form from Fru~ R compounds Fru<R 
linkages to primary alcoholic groups, as occurs with 
levan formation from sucrose, but, like levansucrase, 
mould and higher-plant invertases are able to 
catalyse the reversible reaction 


Fru~ R’ + HO:R’ = Fru~ R’”+HO:R’, 


at least in the case where both Fru ~ R’ and Fru ~ R” 
represent sucrose. 
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The present experiments with methyl f-fructo- 
side as substrate would seem to show that mould 
invertase is not capable of bringing about the 
reaction 


Fru < R’+ HO-R’ > Fru~ R’ + HO-R, 


a reaction which may in any case, as Edelman (1954) 
points out, be expected to be reduced to insignificant 
proportions by thermodynamic requirements. 
Whether levansucrase can catalyse this type of 
reaction has been investigated in several Labora- 
tories. Working with levansucrase from Bacillus 
subtilis Doudoroff & O’Neal (1945) found indirect 
evidence for the formation of sucrose by a reversal 
of the normal action of the enzyme, and Péaud- 
Lenoél & Dedonder (1955) have been able to isolate 
crystalline sucrose formed by its action on a mixture 
of degraded bacterial levan and glucose. On the 
other hand, Hestrin and his colleagues, working 
with the levansucrase from Aerobacter levanicum, 
and using a somewhat different test system, have 
not been able to prove that sucrose is formed in this 
way. Edelman (1954, 1956) has failed to find any 
sucrose synthesis by mould invertase acting upon 
mixtures of glucose with inulin, or with its short- 
chain hydrolysis products. Nevertheless, mould 
invertase (?unlike levansucrase; cf. Feingold, 
Avigad & Hestrin, 1956) is capable of bringing about 
the hydrolysis of the Fru<R linkage and of cata- 
lysing the reaction 


Fru < R’+ HO:R’ > Fru< R’+HO:-R’. 


In terms of the fructosyl-enzyme hypothesis this 
would seem to imply that either Fru~enz or 
Fru <enz may be formed by mould invertase. If the 
different energy levels are to be given a structural 
basis two different fructosyl-enzyme compounds 
would be required. There is, perhaps, an indication 
of this in the relatively greater rate of incorporation 
of glucose into fructosylglucose than into sucrose 
when the glucose concentration was increased 
(Table 2). An alternative explanation might be 
sought in a mechanism involving the binding of the 
acceptor molecule to the enzyme simultaneously 
with the cleavage of the substrate. Edelman (1956) 
has already discussed this in more detail, and it does 
not seem profitable to pursue the discussion further 
with the data available. The use of a mould-invertase 
preparation freed completely from other carbo- 
hydrases, and a comparison of the structure of the 
active centres of it and of yeast invertase, would 
seem to be indispensable preliminaries to further 
speculation. In fact, the elucidation of the reactions 
at the active centre of any carbohydrase might help 
us considerably to visualize phenomena which at 
present are accessible only in terms of specificity 
and of the inhibitory effects of sugars. 
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SUMMARY 


1. Methyl-O-8-p-fructofuranoside has been pre- 
pared by the action of yeast invertase on sucrose in 
the presence of methanol. 

2. The fructoside has been used as a substrate 
for a mould-enzyme preparation (Taka-diastase). 
An examination of the products showed that both 
hydrolysis and transfructosylation occurred. 

3. Sucrose could not be detected among the 
products of action upon mixtures of methyl f- 
fructoside and glucose, either by chromatographic 
fractionation or by the use of C-labelled glucose. 

4. Taka-diastase acting on mixtures of raffinose 
and glucose formed sucrose. The incorporation of 
radioactive glucose into the molecule demonstrated 
that sucrose formation was the result of fructose 
transfer and of melibiase («-galactosidase) 
action. 

5. The implications of these findings are dis- 
cussed in relation to the hypothesis that invertases 
form fructosyl-enzyme compounds as common 
intermediates in hydrolysis and transfructosylation. 


not 
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The Amino Acid Sequence in a Fraction of the 
Fibroin of Bombyx mori 


By F. LUCAS, J. T. B. SHAW anp S. G. SMITH 
Silk Department, Shirley Institute, Manchester 20 


(Received 12 November 1956) 


The silk fibroin of Bombyx mori was the first protein 
to which the methods of partial hydrolysis were 
applied in an attempt to elucidate its structure. In 
1902, Fischer first isolated from fibroin a dipeptide 
thought to be glycylalanine, and since that date 


much work has been done to identify the products of 


the partial hydrolysis of fibroin, and thus to gain 
information about its molecular architecture. The 
considerable literature of this work up to 1943 has 
been summarized by Synge (1943), and from that 
date to the end of 1951 by Sanger (1952). 

Since 1951, Levy & Slobodian (1952), Slobodian & 
Levy (1953), Kay & Schroeder (1954) and Joffe 
(1954) have extended our knowledge of the structure 
of fibroin by studying the products of its partial 
hydrolysis, but deductions from such studies of a 


minimum repeating sequence throughout the 
fibroin molecule make assumptions about its 
regularity that have been shown to be incorrect. 
The work of Abderhalden & Bahn (1933), Meyer, 
Fuld & Klemm (1940) and of Zahn and co-workers 
(1952, 1954a,b, 1956) has clearly demonstrated 
that sections of the fibroin molecule differ in com- 
position from other sections. The latter two authors 
interpreted these differences by suggesting that 
fibroin contained crystalline and amorphous phases 
of differing compositions. 

The isolation and identification of the crystalline 
fraction of fibroin was achieved in these laboratories 
by the action of chymotrypsin on an aqueous 
solution of fibroin (Drucker, Hainsworth & Smith, 
1953). This fraction, which appeared as a pre- 
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cipitate, was composed only of the residues of 
glycine, alanine and serine, with a little tyrosine. It 
had a molecular weight of approximately 4000, and 
glycine, alanine and serine were present in the ratio 
3:2:1. 

The present paper describes further analyses of 
this fraction of fibroin with a view to establishing 
the sequence of its amino acids. To do this, two main 
lines of attack were followed. In the first the fraction 
was investigated by the methods of partial hydro- 
lysis with quantitative examination of the products 
so produced. In the second, use was made of a 
method of specific rearrangement and fission of the 
bonds involving serine nitrogen atoms similar to 
that described by Elliott (1952, 1955) and by 
Desnuelle & Bonjour (1951). The aim of this specific 
fission was the isolation of a repeating hexapeptide 
that should be present if the serine residues were 
evenly spaced throughout the molecule. 

Throughout this paper the abbreviations of 
Brand & Edsall (1947) have been adopted for the 
amino acid residues, and the convention of Sanger 
(1952) has been used to indicate the composition, 
and the sequence of residues, of the peptides. 


MATERIALS AND METHODS 


Materials 


Fibroin of Bombyx mori. Raw silk in the form of reeled 
13/15 denier Japanese silk was treated in a boiling 1% 
solution of soap for 1 hr. to remove the sericin. It was then 
washed in many changes of hot water, until the final wash 
water was not alkaline to phenolphthalein. After drying, the 
silk was extracted in a Soxhlet apparatus first with light 
petroleum (b.p. 60-80°) and then with ethanol, and dried 
and washed well with warm water. It was then equilibrated 
with 0-02N-acetic acid overnight, centrifuged and again 
washed with warm water until the washings gave a neutral 
reaction. The silk was then dried in the air. 

Aqueous solution of fibroin. This was prepared according 
to the method of Drucker et al. (1953). 

Enzyme preparations. Crystalline chymotrypsin was 
obtained from Armour Laboratories; pure crystalline carb- 
oxypeptidase from the Worthington Biochemical Corp. of 
New Jersey. 

Reagents and buffers. Dry hydrazine was prepared by 
distilling hydrazine hydrate four times over KOH in 
an atmosphere of nitrogen. 1-Fluoro-2:4-dinitrobenzene 
(FDNB) was prepared according to the method of Cook & 
Saunders (1947). Celite 535 was purchased from Johns- 
Manville and Co. Ltd. Chromatographic papers were 


Table 1. Composition of buffer solutions 


pH Weights (g./I.) 

73 71-6 Na, HPO,,12H,0 +7-8 NaH,PO, ,2H,O 
6-7 107-5 Na,HPO,,12H,O + 27-2 KH,PO, 

6-0 1-81 NaOH + 10-2 0-C,H,(CO,H)(CO,K) 

6-0 6-2 Na,HPO,,12H,O + 18-1 NaH,PO,,2H,O 
5-0 7-2 H,C-CO,H +38-1 H,C-CO,Na,3H,O 

4-0 9-6 H,C*CO,H + 5-44 H,C*CO,Na,3H,O 
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Whatman no. 1, no. 3 and no. 7. Glycylglycine was pur- 
chased from Roche Products Ltd., and glycyl-pt-alanine 
and pi-alanylglycine from L. Light and Co. Table 1 gives 
the constitution of the buffers used for chromatographic 
work. 

Solvents. tert.-Amyl alcohol (technical quality from L. 
Light and Co.), B.S.S. ethyl acetate, A.R. diethyl ether and 
A.R. phenol were employed. 

Preparation of the chymotryptic precipitate of fibroin (CT P). 
A volume of the aqueous solution of fibroin, containing 
approx. 10g. of fibroin, was taken and to it was added 
between 50 and 150 mg. of crystalline chymotrypsin pre- 
viously dissolved in a few millilitres of water. The mixed 
solutions were then buffered at pH 7-8 with phosphate 
buffer and the whole was made up to 300 ml. The solution 
then contained 0-433 g. of Na,HPO, and 0-0442 g. of 
NaH,PO,,2H,0/100 ml. The whole was incubated at 40 
for 4 hr. and the ppt. that formed was separated by centri- 
fuging. It was then washed several times with water, with 
0-1N-HCl and then with further water until free from acid. 
The ppt. was then washed with dry ethanol and with ether 
and dried over P,O, in a vacuum desiccator. 

Preparation of the dinitrophenyl derivative of the CTP. 
To asolution of 2 g. of NaHCO, in 20 ml. of water was added 
40 ml. of ethanol in which 0-3 g. of FDNB had been dis- 
solved. A portion (1 g.) of CTP was shaken with this mixture 
for 4 hr. at 40°, and then two further additions of FDNB, 
each of 0-3 g., were made, with a 4 hr. period of shaking 
between the additions and a final shaking of 4 hr., making 
12 hr. in all. 

The dinitrophenyl derivative (DNP-CTP) was washed 
successively with 1% NaHCO,, ethanol, ether, 1% 
NaHCoO,, water and 0-02N-HCl. It was then rewashed with 
ethanol and with ether, dried, weighed and hydrolysed in 
11N-HCl at 40° for various periods of time. 


Methods 


Chromatography. The absence from the CTP of amino acids 
with basic or acidic side-chains considerably increases the 
difficulty of separating the products of its hydrolysis by 
chromatography. Because the DNP-amino acids and pep- 
tides are coloured, it is simpler to separate them than the 
equivalent colourless untreated compounds. For this 
reason, and also because a method for the quantitative 
estimation of DNP-amino acids and peptides has been de- 
veloped (Lucas, Shaw & Smith, 1955), the work has been 
carried out mainly with dinitrophenyl derivatives. 

For paper chromatography of DNP derivatives the de- 
scending moving phase was fert.-amy] alcohol saturated with 
buffer of pH 6, and the stationary phase was Whatman no. 7 
paper previously soaked in the same buffer and dried. If 
the separation of the DNP-peptides or DNP-amino acids 
aimed merely at identifying them, then the phthalate 
buffer of pH 6 was used, but if material was to be isolated 
and estimated quantitatively, then the phosphate buffer 
of pH 6 was used. This change to phosphate was necessary 
because, during the elution of DNP derivatives from the 
paper, the phthalate buffer was removed with them and on 
acidification gave phthalic acid. When the DNP derivative 
containing this phthalic acid was chromatographed either 
on paper or on a column, the pH of the system was locally 
altered and this gave irregular results. When the amino 
acids that formed the C-terminal residues were identified, 
phenol saturated with water was used as the descending 
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phase, the paper (Whatman no. 1) being suspended in a tank 
containing 0-2 N-aq. NH, soln. and dilute KCN. Ammonium 
phthalate runs on such a paper chromatogram at the same 
rate as alanine, and since this ammonium salt also gives a 
colour with ninhydrin, it interferes seriously with the detec- 
tion of alanine during the estimation of C-terminal residues. 

Columns of Celite 535 were 9 mm. in diameter and buffered 
with two-thirds of their weight of the appropriate aqueous 
buffer. Those with ether as moving phase were 40 cm. long, 
and those with ethyl acetate were 70 cm. long. The column 
with ethyl acetate was buffered at pH 7-3 and was used for 
the initial separation of the DNP-peptides and DNP-amino 
acids. Further detailed separation was achieved by using 
ether buffered at pH 6-7 for fast-moving short DNP- 
peptides and DNP-amino acids, and at pH 4 for the slower 
long DNP-peptides and DNP-seryl peptides. 

Estimation of dinitrophenyl-amino acids and dinitro- 
phenyl-peptides. For the estimation of the DNP-amino 
acids, the u.v. light absorption of their solutions in 1% 
NaHCO, was determined at a wavelength of 360 my, this 
wavelength being that at which maximum absorption occurs 
with these solutions. Standard solutions of the appropriate 
DNP-amino acids were measured in this way and their molar 
extinction coefficients determined. These were closely 
similar, and a mean value of 1-65 x 10* was used to deter- 
mine the molar concentration of any unknown solution of a 
DNP-amino acid. 

For the estimation of DNP-peptides, the DNP derivatives 
of a number of synthetic dipeptides, similar to those prob- 
ably occurring in fibroin, were prepared and their u.v. light- 
absorption spectra determined. They were all found to have 
absorption peaks close to 354 mp, and measurements were 
made at this wavelength in subsequent determinations. 
A mean molar extinction coefficient of 1-60 x 10* was found 
and used. 

None of the results given in this paper were corrected in 
any way for losses that occur during hydrolysis and chro- 
matography. 


Partial hydrolysis of the CTP 


Hydrolysis and fractionation of the products. In each 
experiment 100 mg. of CTP, previously dried over P,O,, was 
hydrolysed with 5 ml. of 11N-HCl at 40°. The period of 
hydrolysis varied from 5 hr. to 48 hr. The hydrolysate was 
evaporated to dryness and the HCl] removed under reduced 
pressure at 40°. The residue was dissolved in water and made 
up to 50 ml.; 2 ml. was removed for estimation of total N by 
the Kjeldahl semi-micro method. A second portion of 
2 ml. was taken and to it were added 3 ml. of water con- 
taining 100 mg. of NaHCO, and 10 ml. of ethanol containing 
100 mg. of FDNB. The reaction mixture was allowed to 
stand at room temperature for 3 hr., after which period the 
ethanol was removed by vacuum distillation and the 
solution diluted to about 25 ml. The solution was extracted 
twice with ether to remove excess of FDNB and acidified 
with HCl and extracted five times in a separating funnel 
with 15 ml. portions of ethyl acetate. The ethyl acetate 
extracts were combined and evaporated to dryness, and 
redissolved in a small volume of ethyl acetate. The DNP 
material was fractionated on a Celite column buffered at 
pH 7-3, with ethyl acetate as the moving phase. On this 
column, the dinitrophenol obtained from decomposition of 
FDNB ran fast, together with bis- DNP-tyrosine and DNP- 
peptides containing tyrosine. These bands were followed, in 
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order of decreasing rate of movement, by the DNP deriva- 
tives of alanine plus Ala. Ala; glycine; Ala. Gly plus Gly. Ala; 
Ala.Gly.Ala; serine; Ser.Gly plus Gly.Ala.Gly; and 
Ser.Gly.Ala. Slower-moving bands, presumably of longer 
DNP-peptides, were observed, especially in the shorter 
hydrolyses, but these bands were not investigated. 

The following mixtures were separated by column chro- 
matography, the orders being given in decreasing rates of 
flow. The mixture of DNP-alanine and DNP-Ala. Ala was 
separated into its two components on a Celite column 
buffered at pH 6-7 with ether as moving phase, and DNP- 
Ser.Gly was separated from the DNP-Gly.Ala.Gly on a 
similar column buffered at pH 4. 

DNP-glycine and the mixture of DNP-Ala.Gly plus 
DNP-Gly.Ala were further purified on a Celite-ether 
(pH 6-7) column; DNP-Ala.Gly.Ala was purified on a 
similar column buffered at pH 5, and DNP-serine on one 
buffered at pH 4. 

Analysis of the fractions. The amino acid composition of all 
the bands was determined by completely hydrolysing each 
eluted band with 11N-HCl for 20 days at 40°. These condi- 
tions were chosen because it was found that they gave 
complete hydrolysis of the DNP-peptides without prefer- 
ential decomposition of any DNP-glycine that might be 
present. The hydrolysates were diluted with water and 
extracted continuously with ether for about 2 hr. to remove 
the N-terminal DNP-amino acids, which were then separ- 
ated on a Celite column buffered at pH 6-7 with ether as the 
moving phase. They were identified and estimated. The 
amino acids in the aqueous phase were converted into DNP 
derivatives and separated, identified and estimated by 
using the modifications of the method of Mills (1952) 
described by Lucas et al. (1955). 

Identification of the C-terminal groups of the dinitrophenyl- 
peptides. The C-terminal groups of the DNP-peptides, 
especially of the tripeptides, were determined by means of 
carboxypcptidase. The DNP-peptide was dissolved in 
0-1 ml. of 0-05M-ammonium acetate and the pH adjusted to 
8-8-5 by addition of aq. NH, soln. A volume (10 yl.) of a 
suspension containing 100 mg. of carboxypeptidase/ml. of 
water was added ard the mixture incubated at 40°. Portions 
were removed after various periods of time and applied 
directly to Whatman no. 1 paper, the applied spots being 
dried by a jet of hot air. The chromatograms were developed 
with phenol—water, in which the DNP derivatives ran faster 
than the freed amino acids, which were detected by spraying 
with ninhydrin solution. 


Rearrangement and specific fission 


Measurement of the production of amino groups after 
treatment of the CTP with anhydrous mineral acids. Two 
series of experiments were carried out, one at 27° with conc. 
H,SO, and the other at 40° with H,PO, to which had been 
added P,O, to ensure that the acid remained anhydrous. 

A quantity (600 mg.) of CTP was dried and dissolved in 
10 g. of H,SO, or H,PO,, and the solutions were incubated 
for various periods of time. Portions of 0-4 ml. were re- 
moved and to each of these was added 5 ml. of ice-cold water, 
the vessel and contents being cooled in ice-water until 
required. Free amino N was estimated by the Van Slyke 
technique. The total N of the treated polypeptide was 
estimated by means of the Kjeldahl technique on a portion 
of the solution and the ratio of the total N to the amino N 
gave a measure of the mean chain length of the material. 
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It is shown in the Results section of this paper that the 
production of free amino N by both anhydrous acids at these 
temperatures proceeded at the same rate, to reach approxi- 
mately the same value. The yield of peptide, however, was 
considerably greater when H,PO, was used than when H,SO, 
was used, and consequently H,PO, was employed ex- 
clusively for the rearrangement. 

Separation and estimation of the products of the specific 
fission of the CTP. A quantity (50 mg.) of CTP was dried 
over P,O, in vacuo, transferred to a conical flask having a 
well-fitting stopper, and 2 g. of H,PO, was added together 
with about 200 mg. of P,O;. The flask and its contents were 
incubated at 40° for various periods of time. A mixture of 
crushed ice and ice-cold water was then added to the flask to 
bring the total volume to approximately 50 ml., and the 
mixture treated immediately with a small excess of CaCO, 
to precipitate the phosphate. The contents of the flask were 
allowed to come to room temperature, and then shaken 
continuously for 1 hr. with 100 ml. of ethanol containing 
about 250 mg. of FDNB. Sufficient of a saturated solution 
of NaHCO, was added (usually about 2 ml.) to bring the 
pH to 8-8-5, and shaking was continued for about 24 hr. 
with one further addition of 250 mg. of FDNB dissolved in 
a little ethanol. 

The contents of the flask were then filtered through a 
Biichner funnel, the retained ppt. was washed with ethanol 
and ice-cold water, and the ethanol removed under reduced 
pressure. The aqueous solution was treated with about 
50 mg. of Na,CO,, transferred to a continuous-extraction 
apparatus (Mills, 1952), and extracted with ether for 2 hr. 
to remove excess of FDNB. The aqueous residue was trans- 
ferred to a separating funnel, acidified with HCl and ex- 
tracted five times with ethyl acetate to separate the short 
DNP-peptides and DNP-amino acids. This divided the 
material, which had been subjected to specific fission and 
then dinitrophenylated, into two fractions which will be 
referred to subsequently as the acetate-soluble fraction and 
the water-soluble fraction. 

The water-soluble fraction was made up to 200 ml. and 
a portion diluted 10 times with water and its optical density 
determined at 354 my on a u.v. light spectrophotometer. 
From this value the total molarity of the DNP-peptides in 
this fraction was calculated. The residue was evaporated to 
dryness, dissolved in a minimum of water and a sample 
applied as a strip to Whatman no. 3 paper buffered at pH 6 
with phosphate buffer. The chromatogram was developed 
for 24-48 hr., according to the ambient temperature, with 
tert.-amyl alcohol buffered with the same phosphate buffer 
of pH 6. The paper was dried in the air, and the four clearly 
defined bands (I-IV) that had separated were cut from the 
paper and eluted with water. The optical densities of these 
fractions were measured at 354 my, and the molar yield of 
each was expressed as a proportion of the weight of the 
original material. The fastest-moving band (I), of short 
DNP-peptides, was present in small amount, and was not 
investigated in any detail. Its chromatographic behaviour 
appeared to be identical with part of the ethyl acetate- 
soluble fraction. The amino acid composition of the remain- 
ing bands (II, III, IV) was determined after complete 
hydrolysis by the methods already described. 

Sequential analysis of the main product of specific fission. 
The DNP-peptide III obtained by the treatment of the CTP 
in anhydrous H,PO, was subjected to partial hydrolysis in 
11N-HCl at 40° for various periods of time. The hydrolysates 
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were extracted with ethyl acetate, and the ethyl acetate- 
soluble material was investigated in the manner already 
described for the partial hydrolysates of the CTP. A small 
amount of dinitroaniline, presumably arising from decom- 
position of DNP-serine and DNP-sery] peptides, was present 
in this material, and ran as a fast band with dinitrophenol on 
the ethyl acetate (pH 7-3) column. The water-soluble frac- 
tion was divided into two parts. One half was evaporated to 
dryness to remove HCl, and the residue was dissolved in 
water and passed down an acid Amberlite IR-120H resin 
column. The longer DNP-peptides emerged and the free 
peptides and amino acids were retained strongly by the 
column. The longer DNP-peptides were separated into two 
fractions on Whatman no. 3 paper buffered at pH 6 with 
tert.-amyl alcohol as moving phase. The bands were eluted 
with water and estimated. 

The second half of the water-soluble fraction containing 
the free peptides and amino acids was treated with FDNB, 
and the resulting DNP-peptides and DNP-amino acids were 
extracted with ethyl acetate and separated on Celite columns 
as already described. After estimation of the separated con- 
stituents, each eluted band was hydrolysed completely with 
HCl and the resulting amino acids were converted into their 
DNP derivatives and identified and estimated after separa- 
tion on Celite columns buffered at pH 6-7 with ether as the 
moving phase. 

RESULTS 
N-Terminal sequence of the CTP molecule 


N-Terminal amino acids. The N-terminal amino 
acid residues of the CTP were determined by treat- 
ing it with FDNB, hydrolysing with 11N-HCl for 
20 days at 40° and separating the DNP-amino acids, 
which were then estimated by the u.v. light- 
absorption technique. The results showed that 
glycine occupies 84% of the terminal amino 
positions, serine 10% and alanine 4%. Glycine 
thus occupies the amino end position in the chain 
far more frequently than it would do if the amino 
acid sequence were governed only by random 
arrangement of the amino acids. 

N-Terminal peptides. The dinitrophenylated CTP 
was partially hydrolysed with 11N-HCI at 40° for 
various periods of time and the products bearing 
DNP groups were extracted with ethyl acetate. 
These were separated on a column and their com- 
positions found after complete hydrolysis. The 
results obtained are given in Table 2. 

Table 2. Products of partial hydrolysis 
of DNP-CTP 


Hydrolysis was with 11N-HCl at 40°. 


Percentage of total N-terminal 
residues found as 


A 


Se 


Time of 


hydrolysis DNP- DNP- Longer DNP- 
(hr.) glycine Gly . Ala peptides 
12 23°3 29-7 27-5 
24 32:2 26-7 — 
48 55-7 30-0 _— 
5x4 16-4 : 25-0 39-3 
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Liberation of DNP-glycine during partial hydro- 
lysis was rapid, in keeping with the known lability 
of the bond between DNP-glycine and other amino 
acids (Sanger, 1949). The only DNP-dipeptide 
produced during the partial hydrolysis was DNP- 
Gly.Ala. It is desirable to increase the yield of 
longer DNP-peptides and to try to prevent forma- 
tion of free DNP-glycine, and to this end a series of 
five short hydrolytic treatments each of 4 hr., and 
each followed by removal of the DNP-peptides 
formed, was tried. This reduced the production of 
DNP-glycine, and did not significantly alter the 
production of DNP-Gly.Ala, but increased the 
yield of higher DNP-peptides. Nearly 40% of the 
residues remained as longer DNP-peptides, and 
these were separated into two main bands on a 
Celite-ethyl acetate (pH 6-7) column. One band 
was a DNP-tripeptide containing two glycine and 
one alanine residues [DNP-Gly . (Ala, Gly)] and the 
other a DNP-tetrapeptide containing two glycine 
and two alanine residues [DNP-Gly.(Ala,, Gly)], 
glycine occupying the N-terminal position in each 
peptide. The yields of these DNP-peptides after the 
five short hydrolyses are shown in Table 3. 

As is shown below, the complete absence of 
Gly .Gly from all hydrolysates of the CTP, and the 
very small amount of Ala. Ala, mean that in the tri- 
and tetra-peptides shown in Table 3 the sequences 
are alternations of glycine and alanine. Hence it is 


Table 3. Products of five successive hydrolyses 
of DNP-CTP 
Hydrolysis was with 11N-HCl at 40° for 4 hr. 


Percentage of 


Yield total Gly 
Peptide (moles/10° g.) terminal groups 
DNP-glycine 2-97 19-2 
DNP-Gly. Ala 4-48 28-9 
DNP-Gly .(Ala, Gly) 3°33 21-5 


DNP-Gly .(Ala,., Gly) 1-37 8-9 


shown, by actual isolation of the products, that 
59-3 % of the total N-terminal glycine residues are 
followed by alanine, and if it is assumed that the 
free DNP-glycine is wholly derived from DNP- 
Gly.Ala, the experimental value becomes 78-5 %, 
It seems reasonable to conclude therefore that 
practically all the positions next to the N-terminal 
glycine are occupied by alanine. 


Partial hydrolysis 

Identification and estimation of the products. The 
products of the partial hydrolysis of the CTP were 
examined by the methods already given in detail 
in the Experimental section. These methods proved 
satisfactory except for DNP-Gly.Ala and DNP- 
Ala.Gly, which could not be adequately separated 
by any of the systems used. However, by using 
synthetic mixtures it was shown that DNP- 
Gly.Ala and DNP-Ala.Gly, whilst running to- 
gether at the same rate, separated from DNP- 
alanine, DNP-glycine, DNP-Gly.Gly and DNP- 
Ala. Ala, so that the discrete band obtained on the 
column was likely to be a mixture of DNP-Gly. Ala 
and DNP-Ala.Gly uncontaminated by the other 
closely related bodies. 

On complete hydrolysis of the mixture of the two 
dipeptides, only DNP-alanine, DNP-glycine, ala- 
nine and glycine were obtained, the amount of DNP- 
alanine being approximately equal to the free 
glycine, and the amount of DNP-glycine approxi- 
mately equal to the free alanine. It is clear from 
these facts that the mixture can only be one of 
DNP-Ala.Gly and DNP-Gly.Ala, and the propor- 
tion and amount of each present in the mixture can 
be derived from the analysis of the complete 
hydrolysate. 

The results obtained from the analyses of the 
partial hydrolysates of the CTP are given in 
Table 4. They refer only to the fraction of the 
hydrolysates that is extractable with ethyl acetate. 


Table 4. Products of partial hydrolysis of CTP after various times 


Hydrolysis was with 11n-HCl at 40°. N,/N, % =g. of amino acid or peptide N/100 g. of CTP N. n.d. = Not determined. 


eee 
5 10 

“Moles a “Moles a 

we NN” Me. XN” 
Glycine 20 1-46 43 3-1 

Alanine 14-7 1-06 26 1-89 

Serine 9-0 0-64 17-0 1-22 
Ala.Gly 54 78 106 15-2 
Gly. Ala 21 3-0 50 7-2 
Ser.Gly 46 6-7 73 10-4 

Ala. Ala n.d. - 71 1-02 
Gly . Ala .Gly 31 6-7 42 9-1 
Ser.Gly. Ala 22 4-7 34 7:3 
Ala.Gly. Ala n.d. ~- 13-2 2-9 
Total - 32-1 --- 59-3 


Time of hydrolysis (hr.) 


24 36 48 
Moles Bi Moles Bio, Moles Nie 
105 g. N° 10%. ee ES. N 
14] 10-2 200 14-3 248 17:8 
102 73 136 9-8 191 13-7 

30 2-2 39 2-8 47 3-4 
148 21-2 160 22-9 131 18-7 
74 10-6 79 11-3 68 9-8 
95 13-6 114 16-4 101 14-5 
10-7 1-54 10-0 1-44 8-7 1-26 
30 6-4 19-2 4-1 8-5 1-83 
23 5-0 20 4-3 9-2 1-98 
10-7 2-3 58 1-25 3-5 0-75 
80:3 — 88-6 — 83-7 
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Identification of the C-terminal amino acid of the 
DNP-seryl and DNP-alanyl tripeptides by means 
of carboxypeptidase established their sequence as 
Ser.Gly.Ala and Ala.Gly.Ala. Control experi- 
ments showed that no amino acids were produced 
by the enzyme alone under the experimental 
conditions, and DNP-Ser.Gly, DNP-Gly. Ala and 
DNP-Ala.Gly derived from the synthetic di- 
peptides gave no free amino acids with carboxy- 
peptidase up to 7 hr. of action by the enzyme. With 
the glyeyl tripeptide the carboxypeptidase released 
mainly glycine, but in addition a small amount of 
alanine. The possibility that this tripeptide might 
contain some DNP-Gly.Gly.Ala was investigated 
by subjecting it to prolonged action by carboxy- 
peptidase for 24 hr., followed by extraction of the 
DNP derivatives with ethyl acetate. Examination 
of this extract by paper chromatography indicated 
the complete absence of DNP-Gly.Gly, so that the 
freed alanine could not be derived from DNP- 
Gly.Gly.Ala. Its origin is therefore uncertain, and 
it is possible, for the glycine tripeptide, to say only 
that in the main it consists of Gly. Ala.Gly. There is 
strong indirect evidence too that the tripeptides 
are as stated because only those dipeptides that 
could arise from these sequences are found in their 
hydrolysates. 

The results in Table 4 may be summarized as 
follows: 

(i) The only dipeptides isolated were Ala.Gly, 
Gly.Ala and Ser.Gly, with a little Ala. Ala. 
Altogether, on a nitrogen basis, these dipeptides 
accounted for 52% of the CTP in the 36hr. 
hydrolysate, which gave maximum recovery of 
dipeptides. 

(ii) The dipeptide Gly.Gly was not isolated even 
from the shortest hydrolysate, and Ala. Ala only in 
very small amount. 

(iii) The ratio of Ala.Gly to Gly.Ala in the 
hydrolysates of longer periods than 5 hr. was con- 
sistently close to 2:1. 

(iv) The only tripeptides obtained were Gly. Ala. 
Gly, Ser.Gly.Ala and Ala. Gly. Ala. 

Evidence for the absence of glycylglycine from 
partial hydrolysates. No evidence of the presence of 
the linkage Gly.Gly was obtained from any of the 
hydrolysates, but as its absence is of great im- 
portance in elucidating the structure of the CTP, 
a special series of experiments was conducted to 
establish this fact as unequivocally as possible. 

A synthetic mixture was prepared of the DNP 
derivatives of serine and Gly. Gly, and it was shown 
that, on a Celite—ethyl acetate (pH 7-3) column they 
ran together as a single band. However, it was 
found that they could be separated on a Celite— 
ether (pH 4) column, the DNP-serine running the 
faster. The volume of ether necessary completely to 
elute each component was determined. 
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A portion of a short, 5 hr. hydrolysis of the CTP 
at 40° was then examined by passing it first down a 
Celite-ethyl acetate (pH 7-3) column, and eluting 
the band known to be DNP-serine. This band would 
also contain any DNP-Gly.Gly, if it were present. 
This eluate was passed down a Celite—ether (pH 4) 
column until the DNP-serine was removed, and 
then a further volume of ether, equal to that pre- 
viously determined as necessary to remove DNP- 
Gly.Gly, was passed through the column, the 
eluate collected and shaken well with a small 
volume of sodium bicarbonate solution. No colour 
could be detected in the bicarbonate solution, 
demonstrating the absence of DNP-Gly . Gly. 

The possibility remains, however, that the 
Gly.Gly linkage is so labile as to be completely 
destroyed even during so short a hydrolysis as 5 hr. 
at 40°. The rates of hydrolysis of the dipeptides 
Gly.Gly, Ala.Gly and Gly.Ala were measured 
therefore under the same conditions as were used 
for hydrolysing the CTP (11N-HCl at 40°). The 
results obtained are given in Table 5. 

Thus although Gly .Gly hydrolysed at a rate that 
is faster than that of either Gly. Ala or Ala. Gly, this 
higher rate could scarcely account for the non- 
appearance of Gly . Gly in all the hydrolysates of the 
CTP were it present in significant amounts. 


Rearrangement and specific fission 

Rates of production of free amino groups. The 
values obtained for the ratio of the total nitrogen of 
the CTP to its amino nitrogen after treatment with 
anhydrous sulphuric and phosphoric acids for 
various periods of time are given in Table 6. In 
their general trend the results are closely similar for 
the two acids. There is a rapid reduction in the ratio 
of total nitrogen to amino nitrogen during the first 
24 hr., followed by a more gradual diminution. 

Because the ratio of glycine to alanine to serine is 
3:2:1 in the CTP, the ratio of total nitrogen to 
amino nitrogen of the CTP during rearrangement in 
anhydrous acid should reach a steady value of 6. 
That it does not do so is probably an indication of 
unwanted fission during the specific rearrangement, 
and of hydrolytic effects during dilution of the acid 
before determination of the amino nitrogen. The 
values derived for the ratio of the total nitrogen to 
amino nitrogen were used therefore merely as an 
indication of the order of the time likely to be 


Table 5. Rates of hydrolysis of dipeptides 
in 11N-HCl at 40 
10? x Velocity 


constant Half-life 
(hr.—}) (hr.) 
Gly .Gly 2-35 29-5 
Ala.Gly , wae 50-5 
Gly. Ala 1-37 50-5 
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Table 6. Liberation of amino groups from CTP 


474 
Anhydrous H,SO, at 27° 

Time Amino N Total N Total N 
(hr.) (mg.) (mg.) Amino N 

5 0-114 1-29 11-1 

16 0-205 1-48 7:3 

24 0-194 1-23 63 

48 0-245 1-23 5-0 

96 0-268 1-23 4:5 


Table 7. 


Anhydrous H,PO, at 40° 
aes 


t 





Total N 


Time Amino N Total N 2a 
(hr.) (mg.) (mg.) Amino N 
4 0-079 1-17 15 
16 0-16 1-10 6-7 
28 0-28 1-71 6-0 
48 0:36 1-71 4-7 
72 0-40 1-71 4:3 
170 0-50 1-71 3-4 


Products of specific fission of CTP 


CTP was treated with H,;PO, at 40° for various times, then with FDNB, and the water-soluble products were 
fractionated by paper chromatograpby. Yields of the products in the four bands obtained are expressed as moles/10° g. 





of CTP. . 
Time of treatment (days) 

cc = A. — 

Band 2 3 4 5 6 

I 5 8 6 10 10 

II 15 14 19 24 21 

III 46 49 81 77 65 

IV 28 31 13 11 7 

Total 94 102 119 122 103 


necessary for the maximum rearrangement at the 
serine residues, and a series of experiments was 
carried out to determine precisely the best condi- 
tions for this. 


Examination of the water-soluble fraction 

Fractionation. The products of the specific fission 
of the CTP after it had been treated in anhydrous 
phosphoric acid at 40° for various periods of time 
were separated, and the yields of the four bands 
I-IV of the water-soluble fraction were determined. 
The results obtained are given in Table 7. It is seen 
that a maximum yield, especially of the band IIT, is 
obtained after treatment for between 4 and 5 days. 

The total amount of the four bands I-IV re- 
covered after treatment of the CTP with anhydrous 
sulphuric acid was less than that recovered after 
treatment with anhydrous phosphoric acid. Thus 
whereas the best yield from sulphuric acid treat- 
ment was 53 moles/10° g. of CTP, it was 122 moles/ 
10° g. with phosphoric acid. 

Examination of the main product (band III). The 
amino acid composition and sequence of band III, 
which was the principal product of the specific 
fission, was investigated in detail. 

After complete hydrolysis, only glycine, alanine 
and DNP-serine were found, in the ratios 3:2:0-85. 
A partial breakdown of DNP-serine occurs on 
hydrolysis, giving dinitroaniline and, to a less 
extent, free serine. If the amounts of dinitroaniline 
and the small amount of free serine recovered are 
added to the value 0-85, the serine figure is very 
close to 1. Band III therefore consists of a DNP- 


hexapeptide of composition DNP-Ser.(Gly;, Ala,). 


From Table 7 it can be seen that 81 moles of band 
III/10° g. of CTP were obtained in the aqueous 
phase. On the basis of the composition of this band, 
33-8 % of the original weight of CTP were therefore 
recovered as hexapeptide after specific fission. 

The products of partial hydrolysis of the hexa- 
peptide, band III, were separated and analysed by 
the methods already described. The longer DNP- 
peptides separated into two fractions, one of which 
was identical with unchanged DNP-hexapeptide. 
The second, faster fraction had a composition 
corresponding to a mixture of DNP-ser. (Gly,, Ala) 
and DNP-Ser.(G!y,, Ala,). Attempts to resolve this 
band by chromatography and _ electrophoresis 
failed, and the proportions of each component were 
calculated from the analytical data. The results 
obtained after 17 hr. of hydrolysis are given in 
Table 8, this time being chosen because it gave 
a high proportion of di- and tri-peptides. Hydrolysis 
for longer and shorter periods gave no evidence of 
the presence of short peptides other than those 
listed, though a careful examination of the mixture 
was made for the presence of Ala. Ala and Gly .Gly. 

Of the total nitrogen of the hexapeptide, 74% 
was recovered as the products of its partial hydro- 
lysis. 

Examination of Table 8 enables the following 
conclusions to be drawn: (1) Serine occurs only as 
the N-terminal amino acid. (2) The DNP-serine 
group is followed by glycine, since only DNP- 
Ser.Gly and not DNP-Ser.Ala was recovered. 
(3) The ratio of Ala. Gly to Gly . Ala is of the order of 
2:1, as found previously with partial hydrolysates 
of the CTP. (4) No sequence was found that did not 
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agree with band III being a DNP-hexapeptide 
having a structure DNP-Ser.Gly.Ala.Gly. Ala. 
Gly. 

Examination of the DN P-hexapeptide by means 
of the hydrazine method (Shaw & Smith, 1954) 
showed that the C-terminal group was glycine. 
A little alanine also appeared on the chromato- 
grams. This was probably released by random 
hydrolysis caused by the water produced by re- 
duction of the nitro groups in the DNP groups by 
hydrazine. 

When the carboxypeptidase method was used, 
both glycine and alanine were liberated in approxi- 
mately equal amounts. This result can probably be 
explained by the very high rate of liberation of 
alanine, compared with glycine, from the C-terminal 
position when similar peptides containing these 
amino acids are treated with carboxypeptidase 
(Neurath & Schwert, 1950). 

Examination of bands II and IV. The bands IT 
and IV were not examined in such detail as ITI. 

Band IV was separated into several fractions by 
chromatography, and, in one instance, by electro- 
phoresis. None of the fractions was homogeneous, 
but two (IV, and IV,) were obtained in greater yield 
than the others. Analyses of bands IT, IV, and IV, 
are given in Table 9. 

Band IT is shown to be a mixture of tetra- and 
penta-peptides, and attempts to separate the 
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mixture chromatographically failed. From the 
known chromatographic behaviour of N-terminal 
glycyl peptides, it is probable that the N-terminal 
glycyl peptide is Gly.(Gly,, Ala,). The remaining 
peptides would then be N-terminal seryl peptides of 
composition N-terminal serine 18-3, non-N-terminal 
alanine 27-6 and non-N-terminal glycine 40-6, 
all values being given as molar proportions. 
This analysis would correspond to a mixture of 
Ser. (Gly,, Ala) and Ser. (Gly,, Ala,), with a mean 
chain length of 86-5/18-3 = 4-7. 


Examination of the ethyl acetate-soluble fraction 


The CTP was treated in anhydrous phosphoric 
acid for 3, 4 and 5 days, and the products were 
allowed to react with FDNB. That fraction which 
was soluble in ethyl acetate was separated and 
examined. It consisted of short DNP-peptides and 
DNP-amino acids, together with some longer DNP- 
peptides and much dinitrophenol. The values 
obtained for the principal constituents are shown in 
Table 10. 

It was to be expected that the partition of the 
DNP-amino acids and peptides between water and 
ethyl acetate would not be sharp, and this is con- 
firmed by the presence of some DN P-peptides longer 
than three residues in the ethyl acetate fraction. 
From the longer material recovered from this 
fraction, a band was separated that had all the 


Table 8. Products of partial hydrolysis of DN P-Ser .(Gly,, Alay) 


Hydroysis was with 11N-HCl at 40° for 17 hr. DNP N is not included in the total N. 


Serine N 
(% of total 


serine N) 
DNP-serine 19-6 
Alanine a 
Glycine - 
DNP-Ser. Gly 24 
Gly. Ala -- 


Ala.Gly 

DNP-Ser. (Gly, Ala) 8 
DNP-Ser.(Gly., Ala) 2. 
DNP-Ser.(Gly,, Alas) 2 
DNP-Ser.(Gly,, Ala.) 8 
Gly .(Ala, Gly) _ 
Ala.(Gly, Ala) oo 


Dinitroaniline — 


Alanine N 
(% of total 
alanine N) 


Glycine N 
% of total 
glycine N) 


N of fraction 
(% of total N) 


_ — 3-4 
— 14-4 4-6 
16-1 --- 7-9 
8-3 — 8-2 
71 10-9 7-0 
13-3 20-0 13-0 
4:7 3-2 4-5 
1-7 1-3 1-7 
2-0 3-0 2-4 
8-8 9-1 8-7 
10-6 8-1 7:8 
1- 4-0 1-9 
—_ - 3-0 


Table 9. Amino acid composition of three products of specific fission of CTP 


For the isolation of bands II and IV see Table 7. Band IV was further fractionated by paper chromatography. 


Molar proportions of 








Cc a 
N-terminal Non N-terminal Chain length 
————_aw*@ — ——_——__—— (total N/N- 
Serine Glycine Alanine Serine Glycine Alanine terminal N) 
Band II 18-3 6-0 0 0 52-6 39-6 4:8 
Band IV, 7-7 6-2 1-5 26 107 78 15 
Band IV, 3-1 2-6 2-2 6-6 33-9 * 26-4 9-5 
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Table 10. Products of specific fission of CTP 


CTP was treated with H,PO, at 40° for various times, 
and then with FDNB. The ethyl acetate-soluble products 
were fractionated by column chromatography. n.d. =Not 
determined; +, trace (insufficient for quantitative esti- 
mation). 

Moles/10° g. of CTP 
after treatment for 
DNP-amino acids - . 


and peptides 3days 4days 5 days 
DNP-alanine + + { 
DNP-glycine 5-6 6-4 8-5 
DNP-serine ! + 
DNP-Ala.Gly plus 9-6 13-5 14-0 
DNP-Gly. Ala 
DNP-Ser. Gly 8-9 11-3 11-0 
DNP-Ser.Gly. Ala 7-5 8-3 11-0 
DNP-Gly. Ala.Gly 6-1 11-0 12-0 
DNP-Ala. Ala + + n.d. 
Long DNP-peptides n.d. 33-0 30-0 
excluding band III 
DNP-hexapeptide, band III n.d. 5-9 6-9 


characteristics of band III of the water-soluble 
fraction, and this material was almost certainly the 
DNP-hexapeptide. If the amount recovered from 
the CTP treated for 4 days in anhydrous phosphoric 
acid (5-9 moles/10° g.) is added to the 81 moles/ 
10° g. isolated in the water-soluble fraction 
(Table 7), a total of 86-9 moles/10° g. is obtained. 
This corresponds to a recovery of 36-2 % by weight 
of the CTP as the hexapeptide Ser.Gly-Ala.Gly. 
Ala.Gly. 

By comparison of Tables 4 and 10, it is seen that 
similar amino acids and peptide sequences are 
recovered by both methods, though the yields after 
treatment of the CTP with anhydrous acid are 
naturally different. 


DISCUSSION 


An earlier paper (Drucker et al. 1953) described the 
separation of fractions of silk fibroin by means of 
pancreatin, and also by means of crystalline 
chymotrypsin. The fractions appeared as _ pre- 
cipitates when a solution of fibroin was treated with 
the enzymes, and analysis of that produced by the 
action of pancreatin showed that it was a poly- 
peptide composed almost entirely of residues of 
glycine, alanine and serine, together with a little 
tyrosine, the molar ratios of glycine to alanine to 
serine being 3: 2:1. The fraction had a high degree of 
crystalline order as shown by X-rays, and a mole- 
cular weight of about 4000. 

We have called the fraction produced by chymo- 
trypsin through specific fission of the bonds in- 
volving the carboxy] groups of tyrosine, the chymo- 
tryptic precipitate (CTP). It contained 62% of 
the total nitrogen, and represented 58 % of the total 
weight of fibroin. A detailed analysis of the CTP 


(Lucas & Smith, unpublished results) has estab- 
lished its formula as Gly.Ala,SeryTyr,, and the 
C-terminal position has been shown to be occupied 
mainly by tyrosine (Shaw & Smith, 1954). Apart 
therefore from the presence of a little more tyrosine, 
the CTP appears to be closely similar in composition 
to that produced by pancreatin. 

Holmes & Smith (1952) have shown by means of 
the ultracentrifuge that the average molecular 
weight of regenerated silk fibroin in aqueous solution 
is approximately 84000, a value supported by 
determinations of the lysine, histidine and arginine 
in fibroin by Corfield, Howitt & Robson (1954). This 
can be regarded as a minimum value, and the true 
molecular weight of fibroin may well be considerably 
higher. Since the average weight of the amino acid 
residues of fibroin is 78, there are approximately 
1100 residues/molecule and, of these, slightly more 
than 60 % will be in the ordered, crystalline portions 
and the remainder in the amorphous portions. Thus 
the fibroin molecule can be regarded as consisting of 
about twelve sections of average molecular weight 
approximately 4000, these sections being those that, 
attached to similar sections of neighbouring mole- 
cules, constitute the crystalline part of silk. 
Alternating with these are another twelve sections, 
of average molecular weight about 3000, which 
form the amorphous part of silk. This latter value is 
similar to that suggested by Zahn & Zuber (19545) 
for the molecular weight of the tyrosine-containing 
sections of the fibroin molecule. 

Consideration of the results given in the present 
paper enable a detailed concept of the structure of 
the CTP to be developed. The occurrence of glycine 
as the N-terminal amino acid residue in over 80% 
of the molecular chains shows that in most cases 
those sections of the molecules that form the 
crystalline, orientated part of fibroin are introduced 
by Tyr.Gly, and this is followed by alanine in at 
least 59% of the molecules, and probably in a 
greater proportion than this. The high lability of 
the Gly .Ser bond and probably also of the Ala.Ser 
bond means that the possibility of an occasional 
sequence in which serine occurs near to the N- 
terminal glycine bond cannot be excluded, but it 
seems likely that the majority of the N-terminal 
sequences that introduce the molecules of the CTP 
are Gly. Ala.Gly or Gly. Ala.Gly. Ala. 

The results of the analyses of the products of 
partial hydrolysis of the CTP, given in Table 4, show 
that serine is never recovered in peptide form 
except as the N-terminal residue. This is to be 


expected because of the very high lability, in con- 
centrated mineral acids, of the N-peptide bond of 
serine. Ser. Ala is not recovered but only Ser.Gly, 
so that in practically every instance, serine must be 
followed in the molecular chain by glycine. The 
other dipeptides recovered are Ala. Gly and Gly . Ala, 
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which are present with remarkable constancy in the 
ratio 2:1. 

Attention must now be directed to the absence of 
the Gly.Gly linkage. Its non-appearance, even 
after the shortest periods of hydrolysis, has an 
important bearing on the elucidation of the amino 
acid sequence, because this fact, combined with the 
experimental finding that one-half of the total 
residues are glycyl, means that every alternate 
residue in the CTP must be glycine for practically 
the whole of the molecule. Thus in most of the CTP, 
glycine must alternate with alanine or with serine. 

The regular alternation of glycine with alanine or 
serine considerably simplifies the elucidation of the 
amino acid sequence, since otherwise the small 
variety and low reactivity of the residues that are 
present, and the absence of any that could be used 
as ‘markers’, would make this elucidation almost 
impossible. 

That Gly.Gly can be recovered from partial 
hydrolysates of proteins that contain it, is shown by 
the work of Kroner, Tabroff & McGarr (1953), who 
isolated it from collagen after a period of hydrolysis 
of 4 days in concentrated hydrochloric acid at 37°, 
which is a period of hydrolysis considerably longer 
than any used in our experiments. Schroeder, Kay, 
Le Gette, Honnen & Green (1954) also tentatively 
identified Gly.Gly in partial hydrolysates of 
gelatin after treatment in 3-6N-hydrochloric acid at 
37° for 7 days, and more recently, by using condi- 
tions of hydrolysis identical with those employed 
during our longest treatment (48 hr.), Schroeder, Kay, 
Munger & Burt (1956) have isolated large amounts 
of Gly.Gly from hydrolysates of tussah fibroin. 

Because of the high lability of the Gly .Ser bond, 
it is likely that hydrolysis of the CTP will give rise 
at an early stage to peptides that have serine as their 
N-terminal residue, and have a general formula 
Ser.Gly.(Ala.Gly),. If the serine residues are 
evenly spaced throughout the molecule, n will have 
a value of 2: its value must in any case have an 
average of 2 because the ratios of glycine: alanine: 
serine are 3:2:1. 

Once the Gly.Ser linkage has been broken, the 
adjacent Ser. Gly linkage becomes relatively stable, 
owing to the effect of the charged NH,* group which 
tends to repel the approaching H™ ions (Sanger, 
1952). This accounts for the relatively low yields of 
serine obtained during the early stages of hydrolysis. 

The extent to which the CTP consists of regular 
repeats of the hexapeptide Ser.Gly .(Ala.Gly), was 
investigated by specific fission of the chains at the 
peptide bonds involving the serine amino groups. 
When the CTP is dissolved in anhydrous phosphoric 
acid, rearrangement of these bonds occurs, with the 
production of free amino groups and O-acyl (ester) 
bonds that give an ester-linked chain. When this 
solution is diluted with ice—water and treated with 
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FDNB at a pH that increases by stages to about 9, 
blocking of the free amino groups occurs by their 
reaction with FDNB, and fission of the correspond- 
ing ester bonds takes place. It is not known exactly 
at what stage this fission occurs, but any free amino 
groups that have not already reacted with FDNB 
will tend to revert to their peptide form by a 
reversal of the O-acyl to the N-acy] form of linkage. 
This effect, together with the small amount of 
random fission that probably occurs in the early 
stages of the treatment in acid solution, reduces the 
efficiency of the method and gives yields of the 
DNP-hexapeptide that are less than they otherwise 
would be. 

The actual isolation during the present work of 
36% by weight of the CTP as a hexapeptide is 
therefore of considerable significance, especially 
since serine is the only N-terminal amino acid found 
in this hexapeptide. Elliott (1953) has stated from 
his study of silk fibroin that only 20 % of the trans- 
formed sery] residues are recoverable as DN P-serine. 
Hence the amount recovered by us, which repre- 
sents just over 40 % of the total serine, may indicate 
that the CTP is composed mainly of repeat units of 
the hexapeptide. 

The partial hydrolysis of the recovered hexa- 
peptide gave products that were essentially similar 
to those given by partial hydrolysis of the CTP. Of 
the other products of specific fission, bands IV, and 
IV, both had mean chain lengths greater than six, 
but in both instances non-N-terminal serine 
occurred, though this was significantly absent from 
band II, where the mean chain length was 4-8. This 
non-N-terminal serine may be present either 
because complete rearrangement had not occurred 
at all the bonds involving serine nitrogen atoms, or 
because, if it had occurred, the bond was regenerated 
in alkaline solution before the amino group had 
reacted with the FDNB. 

It can be concluded therefore that the CTP 
molecule is composed mainly of repeating units of 
the form Ser.Gly.(Ala.Gly),. All the peptides 
found in the partial hydrolysates of the CTP could 
be derived from this sequence with the exception of 
Ala. Ala. This was isolated only in a small yield, the 
amount found being very roughly of the order that 
would be expected if there were one Ala. Ala bond/ 
molecule of CTP. There is no direct evidence to 
indicate the position of this bond in the CTP 
molecule, but it seems more likely that it would 
occur towards the end of the molecule than in the 
middle, since in the latter position it would in- 
terrupt the regular alternating sequence of glycine 
residues and probably interfere with the crystalliza- 
tion of these regions. We have therefore shown the 
Ala.Ala bond in the formula below in the C- 
terminal sequence of the CTP, but this must be 
taken as a tentative suggestion only. 
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The CTP is thus composed of an aggregation of 
those parts of the fibroin molecules that make up 
the ordered sections of the protein; these parts are 
probably incorporated in the molecule in the 
following manner: 


. - -Tyr./Gly.Ala.Gly.Ala.Gly.[Ser.Gly. 
(Ala.Gly),,]Js-Ser.Gly. Ala. Ala.Gly.Tyr.; - - - 


where 7 is usually 2 and always has a mean value of 2. 

The results presented in this paper can be com- 
pared with those of previous workers in this field. 
Levy & Slobodian (1952) and Slobodian & Levy 
(1953) established that the dipeptides Ala.Gly and 
Gly . Ala occur commonly in silk fibroin, and that the 
tripeptide Gly. Ala.Gly is an important structural 
element. On the basis of this work, they proposed 
a minimum repeating peptide sequence of the type 
X,.Ala.Gly.Ala.Gly.X,.Gly. Kay & Schroeder 
(1954), using the chromatographic technique of 
Moore & Stein (1951), examined a range of peptides 
from the partial hydrolysis of silk fibroin, and whilst 
confirming the high proportions of Ala.Gly and 
Gly . Ala, which were present in the ratio of approxi- 
mately 2:1, they found other sequences (for example 
Ala.Ala and probably Ser.Gly.Ala) that would 
not fit into the sequence suggested by Levy & 
Siobodian. 

Joffe (1954), as the result of an investigation of 
tyrosine-containing peptides obtained from fibroin, 
suggested that the framework of the fibroin structure 
lies in an alternation of the tetrapeptide Ala.Gly. 
Ala.Gly with dipeptides such as Ser.Gly, Tyr.Gly 
and Val.Gly. 

The results obtained by these workers have been 
based on studies of whole fibroin, and deductions 
about the structure of fibroin from such results have 


assumed that its molecule possesses a fair degree of 


regularity in the amino acid sequences throughout 
its length. As has been shown in this and previous 
papers, fibroin can be divided into two main 
fractions that are very different in their amino acid 
compositions. The fact that workers using un- 
fractionated fibroin obtain results indicating repeat 
sequences that are not grossly different from our 
own is merely a reflexion of the fact that the CTP 
represents 60 % of the whole fibroin, and may indi- 
cate that, in the remainder, glycine, alanine and 
serine residues, which account for a considerable 
part of it, are in the same kind of sequence as they 
are in the CTP. 

Waldschmidt-Leitz & Zeiss (1954, 1955) have 
worked with fractionated fibroin. They examined 
the fraction first isolated from fibroin by Drucker 
et al. (1953) by the action of chymotrypsin and 
suggested for it the formula [Gly.Ala.Ser.Gly. 
Ala.Gly],.Tyr. Such a formula is at variance with 
our results, and also with the authors’ own results, 
because the repeat sequence would give six Gly .Gly 


linkages/molecule, yet Gly.Gly was not recovered 
either by these authors or by us. In addition, the 
separation of significant amounts of Ala.Gly. Ala 
during the present work and also by Waldschmidt- 
Leitz & Zeiss, gives a sequence that could not be 
obtained from the formula they propose. 

Reference has already been made to the remark- 
able consistency with which the molar ratio of 
Ala.Gly to Gly. Ala approaches 2:1 in hydrolysates 
of the DNP-hexapeptide (DNP-Ser.Gly. Ala.Gly. 
Ala.Gly), of the CTP, and also of whole fibroin. In 
the hexapeptide it is evident that the rates of 
fission of the bonds joining the residues must differ 
considerably from each other, since otherwise 
hydrolysis would yield approximately equimolar 
proportions of Ala.Gly and Gly. Ala. 

In the Appendix an attempt has been made to 
show that, by making a few reasonable assumptions 
about rates of fission of the bonds, it is possible to 
obtain calculated values for the ratio of Ala.Gly to 
Gly . Ala that are close to the ratio 2: 1 found experi- 
mentally. If this calculation and the assumptions 
on which it is based have any significance, it is 
difficult to see how a ratio of Ala.Gly to Gly. Ala of 
2:1 could be derived from a compound of the 
structure proposed by Waldschmidt-Leitz & Zeiss. 


SUMMARY 


1. When an aqueous solution of silk fibroin is 
acted on by chymotrypsin, a precipitate is formed. 
The sequence of the amino acid residues in this 
precipitate has been investigated by partial hydro- 
lysis, followed by separation of the products by 
chromatography and quantitative estimation of 
their amounts. 

2. By use of the specific action of anhydrous 
phosphoric acid on the seryl linkages, 36% by 
weight of the precipitate was recovered as a hexa- 
peptide, which was identified as Ser.Gly.Ala.Gly. 
Ala.Gly. 

3. It is suggested, on the basis of the experi- 
mental evidence, that the precipitate probably has 
the formula 


Gly .Ala.Gly.Ala.Gly.[Ser. Gly. (Ala. Gly), ],. 
Ser.Gly.Ala.Ala.Gly.Tyr, 


in which v is usually 2 and always has a mean value 
of 2, and the Ala. Ala is either in the introductory, 
or in the terminal, sequence. 

The authors wish to thank Miss D. E. Pinion and Miss J. 
Robinson for assistance with some of the experimental 
work. 
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APPENDIX 


Mathematical Derivation of the Yields of the Products of Hydrolysis 
of the Hexapeptide Ser.Gly.Ala.Gly.Ala.Gly 


By F. LUCAS, J. T. B. SHAW, S. G. SMITH anp C. MACK 
Shirley Institute, Manchester 20 


(Received 12 November 1956) 


The problem of relating the composition of a partial 
hydrolysate of 2 protein to its amino acid sequence 
and the hydrolysis constants of its constituent 
bonds is one of considerable interest to protein 
chemists, and has been discussed by Sanger (1952) 
and by Desnuelle (1953). Little progress has been 
possible in elucidating the problem because of the 
complex structure of most proteins, and because the 
rate of hydrolysis of any bond is likely to vary 
during the course of hydrolysis according to the 
particular peptide in which the bond occurs. 

In the paper to which this is the Appendix, we 
have reported on a polypeptide (CTP) derived from 
silk fibroin; CTP is believed to be composed largely 
of the repeating hexapeptide units Ser.Gly.Ala. 
Gly.Ala.Gly. Consequently, although CTP has 
a molecular weight of approximately 4000, its 
structure is relatively simple, and the variety of its 
bonds is much less than normally occurs in proteins. 
Because of the lability of the Gly.Ser bond, this 
polypeptide would be expected to break down 
rapidly in concentrated acid to the simple hexa- 
peptide units, and the yields of amino acids and 
peptides, which we have determined at various 
stages of the hydrolysis of the polypeptide, would 


therefore approximate to those that would be 
derived from the hexapeptide unit. 

As a contribution to the general problem there- 
fore it seemed worth while to calculate the yields of 
the hydrolysis products by making some simple 
assumptions about the hydrolysis constants of the 
bonds. In addition to this it was hoped that the 
calculations would throw some light on a feature of 
the experimental results that was not obviously 
explained by the structure of the hexapeptide, 
namely the constant occurrence in the partial hydro- 
lysate of Ala.Gly and Gly.Ala in the ratio 2:1. 

It is known that polypeptides hydrolyse more 
rapidly than would be expected from the experi- 
mentally determined rates of their bonds in di- 
peptide form. It.is supposed that this comparative 
stability of dipeptides is due to the effect of the 
charged NH,* group, which tends to repel the H* 
ions, and, if this is so, it is reasonable to assume that 
an N-terminal peptide bond will also be more stable 
than the same bond when it occurs elsewhere within 
the peptide chain. 

The rates of hydrolysis of the dipeptides Ser. Gly, 
Ala.Gly, and Gly.Ala were determined experi- 
mentally, the same conditions of hydrolysis being 
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used as for CTP, and the velocity constants calcu- > s. 
lated. These were: Ser.Gly, 5-6 10-3 (hr.-1); i 
Ala.Gly, 1:37 x 10-* (hr.-1); Gly.Ala, 1-37 x 10-2 oS 
(hr.-'). The absolute rates of hydrolysis of the 3 3 (oS OSOt ROM 
internal peptide bonds in a peptide chain are not < f “H Pr eae peri 
known, and for the internal Ala.Gly and Gly. Ala Baya S 
bonds a rate of hydrolysis that gave the closest pe e 3 | y - = 4 = S 
general fit to the experimental results was deduced 43 = 
by the method shown at the end of the mathe- as 8 es Ny ae ta tas 
matical section. Ox % [° aAanaaaas 
The assumptions adopted were therefore (a) that s oy e ) 
the N-terminal Ser.Gly bond has a constant rate of 20 ole & NO MN 1D 
fission and a velocity constant of 5-6 x 10-% (hr.—); es 6 eA SS Sl ee 
(6) that the bonds in Ala.Gly and Gly.Ala, when 2 2 *% 
these occur as the N-terminal bond or in free di- aS S Ce a Bie» Y 4 2 
peptides, have an equal and constant rate of fission = & Z 
with a velocity constant of 1-37 x 10-? (hr.~*); s% R =e ee 
(c) that the bonds in Ala.Gly and Gly.Ala, when — 2 os > AOAa AS 
they do not occupy an N-terminal position, break = da 
down at an equal and constant rate, with a velocity & oe ~,joze2s22 
constant of 5-0 x 10-? (hr.-*). t = = 3 J ge pe 
By using these assumptions, we have obtained eae 2 1 da ite 
differential equations that give the rate of increase s = 4 " | = A Sa. er ORR OLRE 3 
in the amounts of the various products of hydro- a 3 2 
lysis, and by solving these equations we have 5 35 efoe?envor 
obtained the yields after various periods of time. > &% qa; eee 08 
Table 1 shows a comparison between the calculated Ss 8 > Ps 
values and the experimental values from the S ss Tikteet aaa ss 
partial hydrolysis of the CTP. As the intervals of 2 3 é 
time used in the calculation do not coincide with a. = S ee 
those used in the experimental determinations, the ‘8 “4 g Sl ese ee 
comparable experimental values have been derived s. & = ~ < 
from smoothed curves of the rate of production of Ss “a z an lneeroonse 
the appropriate products of hydrolysis. The calcu- = z - eA 8 = poe 
lated values given in the table have been reduced by ‘= % 8 - 
15 % to enable a fairer comparison to be made with 8 & F | 0 z 2 =; A bs Fa 
the experimental values, in the determination of ™ wae 2 
which losses of this order occur. _ Z a8 * Pe fe 
The agreement between the two sets of results, 2B =% 2 L" Sa aaa a 
though far from perfect, is reasonably good with "Ss g 3 — 
regard to the simplicity of the assumptions made. i . [om @ - 2226 
The feature of greatest interest is the fact that, for 3 2 me al a Sa 
periods of hydrolysis greater than 10 hr., the calcu- yea 4) —" 
lated values indicate a ratio of Ala. Gly to Gly. Ala of 52% [= = A S 2 o 
approximately 2:1, thus confirming the constancy fe ® nage 
of this ratio found experimentally. SEB [> mo mownoe 
ae >| “TBR 582 
Derivation of the equations Be 3 S } 
os 5p Or 19 0 Sw 
For simplicity the number of moles of each peptide z ps S L™ co 18 & 
present at time ¢hr. after the start of hydrolysis 28a 
will be denoted by 25 g eB 
SGAGAG, SGAGA, GAGAG, SGAG, ete. (1) a ee 
gow 855 a NO HH 
where § is serine, G is glycine and A is alanine. ‘f3 2B 
Let x be the rate of fission of the N-terminal bond S ds = 
between S and G;; let y be the rate of fission of the c = 4 
N-terminal bond between G and A, or between A s a 
and G; and let z be the rate of fission of these latter Se 
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bonds when they are not in the N-terminal position. 
The symbols #2 and y are more convenient to use 
than the observed numerical values in developing 
the mathematical argument. 

Consider now the hydrolysis of SGAGAG. The 
SG bond cleaves at the rate x, the other four bonds 
at the rate z. Thus in the small period 6¢ hr. the 
number of moles hydrolysed is 

(v+4z).SGAGAG. dt. (2) 
Hence the differential equation governing the rate 
of degradation of SGAGAG is 


d 

r (SGAGAG) = — (a+ 4z). SGAGAG. (3) 
( 

When the intermediate products of hydrolysis are 
considered, two effects have to be noted. They are: 
(i) the breakdown of longer peptides is increasing the 
amount of the peptide under consideration; (ii) the 
peptide is simultaneously being hydrolysed. Thus 
the rate of change of quantity of the pentapeptide 
SGAGA, for example, is governed by the equation 
d 
7 (SGAGA) =z.SGAGAG — (#+3z).SGAGA. (4) 
( 
Similarly, we have the following equations: 


d 
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These equations have to be integrated, if possible, 
into explicit formulae. Fortunately some of them 
yield relatively simple answers. Thus (3) immedi- 
ately gives — SGAGAG = Me~+#!, (18) 
where M is the number of moles of SGAGAG 
present at the start of hydrolysis. The other 
differential equations lead to more complicated 
formulae, and in their solution we make use of the 
following well-known general result. If X satisfies 
the differential equation 
dx 


-= Ae~% +4 Be-Pt+ ...—AX, (19) 
dt 
and X =0 when ¢=0, then explicitly, 
X =[A/(A—«) e~* + B/(A— B) eft +...] 
—[A/(A—«)+B(A—p)+...Je*. (20) 
Substituting the result (18) in (4) we find that 
1 
< SGAGA =zMe-@+42t _ (4+ 3z). SGAGA, 
at 


and applying (19) with X=SGAGA; A=zM, 
“a2=x+ 42, \=x+ 3z, we see from (20) that 
SGAGA= M[e (+32) ¢ _ @—z+42)t), (21) 


Some of the simpler results of the integration 


> (GAGAG) =a.SGAGAG — (y+ 3z).GAGAG, (5) 
¢ 

i (SGAG) =z.(SGAGAG +SGAGA) — (a+ 2z).SGAG, (6) 
( 

d oe 
(GAGA) =a. SGAGA +2.GAGAG —(y +22).GAGA, (7) 
( 

=: (AGAG) =z.SGAGAG +y.GAGAG — (y+ 2z). AGAG, (8) 
( 

7 SG) —z.(SGAGAG +SGAGA + SGAG) — (a+z).SGA, (9) 
if 

(CA) =2z.(SGAGAG +2.GAGAG + GAGA) + y. AGAG +.a.SGAG — (y+z).GAG, (10) 
if 

1 

7 (AGA) =z.(SGAGA + AGAG) +y.GAGA — (y +z). AGA, (11) 
¢ 

1 

7 SO) =z.(SGAGAG +SGAGA +SGAG + SGA) —2.SG, (12) 
if 

1 
7 (CA) =z.(SGAGA+GAGAG +2.GAGA+GAG)+y.AGA+2.SGA—y.GA, (13) 
cf 

1 

y (Am) =z.(SGAGAG + GAGAG + SGAG + 2. AGAG + AGA) + y.GAG —y. AG, (14) 
€ 
ds s » 
: —2.(SGAGAG + SGAGA+SGAG +SGA +SG), (15) 
cf 

1G 
. —z.(SGAGAG + GAGAG + SGAG + AGAG + GAG) 
+y.(GAGAG+GAGA+GAG+GA+AG)+2.5SG, (16) 
1A - 
= =z.(SGAGA+GAGA+SGA+AGA) +y.(AGAG+ AGA +GA + AG). (17) 
C 
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of the equations (4) to (17) can now be given. They are 5 ) 
SGAG = M[e-@+)t—e-@+s¢}, (22) el 

SGA = M[e-@ +2)t — @—@+22) t), (23) (( 

SG = M[e*t—e Ae+s)t], (24) 

Ss = M[1—e-**], (25) ‘ 
GAGAG =[Ma/(x+z—y)] [e~@+8) t —e-@+42) 4), (26) Ww 

GAGA =[Mza](x4+z—y)] [ew+2)t —e-@+809)t — @-Wwt80)t 4 @—w+ae)t), (27) of 

we 

2 z) (z— 

AGAG =M nll ns, J ew t22)t - _—_ e-w+82)t _ __ (2 +z) (2—y) en @t4z)t |. (28) ve 
2(2z2+2—y) 2(z+x—y) (z+xu—y) (22+x"—-y) we 

be 

The other formulae are complicated and con- the dipeptide coefficients can be found and, finally, in| 
siderably more cumbersome to use in this form than those for G and A. op 
those given above. Consequently, it was found It should be noted from equation (25) that, as kil 
better not to use the integrated equations for the to, SM. Similarly, it is obvious that, as iy 
remaining peptides and amino acids, but to caleu- t—-0o, A+>2M,G-—+>3M. Hence the accuracy of kn 
late the coefficients of each exponential numerically the calculations to obtain values for A and G, in ye 
for each value of z chosen with the observed the manner described in the previous paragraph, W; 
numerical values «= 0-0056, y=0-0137 and with may be checked by letting ¢ > oo. The formulae for 
M as 1. This was done by making use of equations SGA and SG, which are fairly simple, enable a good liv 
(19) and (20). Thus in each equation of type (19), idea of the likely value of z to be found. Further pre 
when 2, y and z are given, the values of values of z around this value were then tried and the sql 
> that gave the best numerical fit was chosen. mi 

A, a, B, B, ..+5A a g 

B This was z= 0-0500. obj 

are known. Hence by substituting these values in Th 
(20) the numerical value of each coefficient in (20) REFERENCES ve 
is obtained. Thus the coefficients for the tripeptides _pesnuelle, P. (1953). The Proteins, vol. 1, p. 87. New York: pres 
can be obtained from the known values for the Academic Press Inc. of 1 
tetra- and higher peptides, and similarly from these Sanger, F. (1952). Advanc. Protein Chem. 7, 1. } 
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The Effect of Growth Hormone upon Cell Division and Nucleic Acid are 

Synthesis in the Regenerating Liver of the Rat 

By D. B. CATER,* BARBARA E. HOLMES anp LORNA K. MEE The 

Departments of Pathology and Radiotherapeutics, University of Cambridge 

200% 

(Received 27 December 1956) 

Growth hormone markedly increases the low mitotic Cater, Holmes & Mee (1956) have published data on J 
activity in the adrenal cortex of the hypophys- the rate of mitosis, deoxynucleic acid (DNA) and to j 
ectomized rat to levels above those found in the — ribonucleic acid (RNA) synthesis in rat liver after hep 
intact animal (Cater & Stack-Dunne, 1953). A partial hepatectomy. It therefore appeared of cont 
single dose of 1 or 5 mg. of growth hormone injected _ interest to investigate the effect of growth hormone hep: 
into rats hypophysectomized 10-21 days previously upon regenerating liver. In the early stages of mit 
increased the number of mitoses in the adrenal regeneration of liver, the various processes of the grea 
cortex in 4-8 hr. (Cater & Stack-Dunne, 1955). As mitotic cycle can be studied separately. An increase the ; 
a method for the study of the mode of action of | of RNA synthesis is obvious at 11 hr. after partial twic 
growth hormone upon mitosis this preparation hepatectomy; the rate of DNA synthesis begins to and 
presents many difficulties. Holmes & Mee (1954, increase at about 12 hr., and at about 24 hr. after Ah 
1955) have reported upon nucleic acid synthesis, and the operation is 10 times the normal rate. Mitotic horn 
activity, which is still near zero at 224 hr., rises to pair 
* British Empire Cancer Campaign Research Fellow. 30—40/1000 cells at 27-284 hr. after hepatectomy. shov 
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Mention has been made that growth hormone has an 
effect upon this sytem in a brief preliminary report 
(Cater, 1957). 


METHODS 


Animal technique. Male black-and-white hooded rats 
(about 300 g. in wt.) of an inbred strain were anaesthetized 
with ether and two lobes of the liver removed by the method 
of Higgins & Anderson (1931). Before the operation they 
were fed on a diet supplemented with raw meat and green 
vegetable for 2 days, and after the operation they were kept 
warm and fed on carrots or bread and sugar. The rats were 
operated on in pairs, one being the control, the other being 
injected subcutaneously with growth hormone (2 mg. at 
operation, 4 mg. at approx. 8 hr. and 4 mg. at 5-6 hr. before 
killing). All were injected subcutaneously with 50 yc of 
#P 3hr. before death, and were killed at various times 
between 22 and 30hr. after hepatectomy. The growth 
hormone was prepared by Mr B. R. Slater of the Department 
of Biochemistry, Cambridge, a modification of the method of 
Wilhelmi, Fishman & Russell (1948) being used. 

Mitotic counts. At death a representative, thin slice of 
liver was fixed in Suza fluid. Paraffin sections 6 p thick were 
prepared and stained with haematoxylin and eosin. A 
square aperture was placed in the focusing eye-piece of the 
microscope. This gave a field 110 square with the 2 mm. 
objective. The mitoses present in 200 fields were counted. 
The number of liver-cell nuclei in every tenth field was 
counted. The results are given as a mitotic index, i.e. the 
number of mitoses/1000 cells. As 200 fields represent 
4000-5000 cells the mitotic index is dependable. The phases 
of mitosis were recorded. 

Nucleic acid estimations. The inorganic phosphate was 
estimated on a small sample by the isobutanol extraction 
method of Weil-Malherbe & Green (1951). The method of 
Schmidt & Thannhauser (1945) was used to separate and 
estimate the phosphorus of DNA and RNA from 2 g. of 
liver. Counts of *?P in all the fractions were made with a 
liquid-dipping counter. The activities of the nucleic acids 
are expressed as: 

Specific activity of DNAP (or RNAP) ~ 20000 
Specific activity of inorganic P . ; 
The factor 20000 was chosen as the usual value obtained for 
the specific activity of the inorganic fraction was about 
20000 counts/min./0-1 mg. of P. 


RESULTS 

Mitotic counts. The effect of growth hormone was 
to increase the rate of cell division after partial 
hepatectomy (Fig. 1). The time of onset of mitosis in 
controls was between 23 and 24 hr. after partial 
hepatectomy. In rats treated with growth hormone 
mitosis had begun at 23 hr. and was significantly 
greater than in the controls. At 243, 25 and 25} hr. 
the growth-hormone-treated rats showed more than 
twice as many cells in mitosis as did the controls, 
and at 26 hr. there were nearly three times as many. 
A higher rate of mitosis persisted in the growth- 
hormone-treated rats until at least 30 hr. In each 
pair of rats the one receiving growth hormone always 
showed a higher mitotic count than the control. 
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The statistical analysis is given in detail in the 
legend to Fig. 1. It will be noted that the means of the 
mitotic index of the growth-hormone-treated rats 
are significantly greater than those for the control 
rats at times from 23 to 30 hr., except at 243 hr. 
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Fig. 1. Mitoses/1000 cells in regenerating liver when the 
rats were treated with growth hormone ([), and in 
control rats (O). Means, standard errors of means and 
the numbers of rats are shown. Values for Student’s ¢ test 
with the Bessel correction are: 23 hr., t=2-8, n=6, 
p<0-05; 24 hr., t=3-9, n=5, p=0-01; 24} hr., t=1-54, 
n=4, p=0-2; 25hr., t=4:3, n=6, p<0-01; 25} hr., 
t=4-8, n=3, p<0-02; 26hr., t=7-1, n=4, p<0-002; 
27 hr., ¢=3-05, n=4, p<0-05; 28hhr., t=2-1, n=4, 
p=0-1; 30 hr., ¢=2-1, n=4, p=0-1. B, O, Single rats. 
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Fig. 2. Mitoses in regenerating liver when the rats were 
treated with growth hormone ({]) compared with all 
previous control rats (O); means, standard error of means 
and the numbers of rats are shown. Statistical analyses: 
23 hr.,t =3,n =8, p <0-02; 24hr., t=4-4, n =19, p <0-001; 
24thr., t=1-54, n=4, p=0-2; 25hr., t=4:3, n=6, 
p<0-01; 255 hr., t=5, n=15, p<0-001; 26 hr., t=5-8, 
n=17, p<0-0001 ; 27 hr., #=2-1, n=42, p=0-05; 283 hr., 
t=3, n=7, p=0-02; 30 hy., t=3-45, n=15, p=0-002. 
B, O, Single rats. 
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where p is 10%. Analysis of the data, by comparing 
each growth-hormone-treated rat with its own 
control rat, did not yield any further information. 

[It was noted in this particular series of experi- 
ments that the mitotic counts of the control rats 
were rather low compared with our previous ex- 
perience. When, however, the means of the mitotic 
indices of the growth-hormone-treated rats were 
compared with the pooled controls of all previous 
experiments (Fig. 2), the increased mitosis due to 
growth hormone is still highly significant. The 
details of the statistical analysis are given in the 
legend to Fig. 2. 

The growth-hormone-treated rats showed certain 
cytological changes in the liver cells when compared 
with the control rats. The chromatin of the nuclei 
was more heavily stained and many of the mitotic 
figures were large. 

The phase counts showed a normal distribution of 
the phases of mitosis in the growth-hormone-treated 
rats. In this way the action of the growth hormone 
is quite unlike that of colchicine and there is no 
suggestion that it acts merely by increasing the time 
taken by each cell to complete mitosis. In earlier 
experiments colchicine was given to animals 3 hr. 
before killing, and it was found that all the dividing 
cells were in arrested metaphase, with the chromo- 
somes scattered throughout the cytoplasm. There 
were few cells in prophase and none in anaphase or 
telophase. 

The difference in the action of the two substances 
was obvious when colchicine and growth hormone 
were given to the same rat; the phase distribution 
typical of colchicine was then found and very many 
‘exploded metaphases’ were seen. 

Rate of synthesis of deoxynucleic acid fraction. The 
DNA fraction obtained from the Schmidt—Thann- 
hauser separation was taken without further puri- 
fication. In previous experiments (Mee, 1956) where 
both *2P and 4C were used, the nucleic acids were 
first extracted with saline and, after separation, the 
DNA was further purified to remove all contami- 
nating protein and RNA. In experiments on both 
normal and regenerating liver, similar results were 
obtained to those on the Schmidt—Thannhauser 
DNA fraction and there was no suggestion that any 
effects obtained were on any contaminant and not 
on DNA itself. It was therefore thought unneces- 
sary to purify further the DNA fraction in this series 
of experiments. 

The results given in Figs. 3 and 4 show that 
growth hormone increased the rate of DNA 
synthesis in regenerating liver during the first period 
of rapid DNA formation, which occurs in rats 
between 21 and 26 hr. after partial hepatectomy. 

As the *?P is always injected 3 hr. before killing, 
the radioactive counts of DNAP plotted in these 
figures at points corresponding to the times of 


killing represent a summation of events that have 
taken place during that interval. 

As each treated rat had its own control it is 
legitimate to plot the ratio of DNA synthesis in 
the growth-hormone-treated rats to that of their 
controls (Fig. 4). 
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Fig. 3. Rate of DNA synthesis in rat liver after partial 
hepatectomy as indicated by the uptake of **P given 3 hr. 
before death in rats treated with growth hormone (D) 
and in control rats (O). Means and standard errors of the 
means are plotted and the numbers of rats indicated. 
M@, Single rat. 
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Fig. 4. Rate of DNA synthesis in the growth-hormone- 
treated rat expressed as a percentage of that in the control 
rat; means and standard errors of the means are plotted 
for the groups of paired rats. Statistical analysis shows 
that results at 25 and 27hr. are significant at the 2% level 
and at 23 hr. at the 5% level. x, One pair of rats. 
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The peak of the DNA synthesis rate, which occurs 
in control animals at 24 hr., is higher and more 
prolonged in the growth-hormone-treated rats. At 
28} hr., when the rate of synthesis is falling in both 
control and treated animals, there is no significant 
difference between the two. 

Uptake of ?*P into ribonucleic acid fraction. Since 
we were chiefly concerned with mitotic counts and 
with DNA synthesis, we did not make any attempt 
to separate the components of the Schmidt—Thann- 
hauser ‘RNA’ fraction, but measured the *2P 
uptake into the fraction as a whole. Schmidt & 
Thannhauser realized that inorganic P derived 
from protein-bound P was also contained in this 
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Fig. 5. Rate of **P uptake into the Schmidt-Thannhauser 
‘RNA’ fraction in rat liver after partial hepatectomy. 
Rats treated with growth hormone, [; control rats, O. 
Means and standard errors of the means are plotted and 
numbers of rats indicated. m, @, Single rats. 
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Fig. 6. Rate of ‘RNA’ synthesis (Schmidt-Thannhauser 
fraction) in the growth-hormone-treated rat expressed as 
a percentage of that in the control rat of the pair. Means 
and standard errors of the means are plotted for the groups 
of paired rats. Statistical analysis shows that results at 
23 hr., 243 hr., 25 hr., 26 hr. and at 27 hr. are significant 
at the 5% level. x , One pair of rats. 
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solution; Davidson & Smellie in 1952 showed the 
presence of five other phosphorus-containing com- 
pounds and recently Hutchison et al. (1956) have 
detected others, including phosphoserine and ino- 
sitol mono- and di-phosphates. Some of these con- 
taminants have a far more rapid *?P uptake than 
RNA itself. The results in Fig. 5 show that the rate 
of **P incorporation into this fraction was higher in 
hormone-treated rats than in controls, although it is 
not possible to say which of the chemical substances 
present was responsible. 

The incorporation was always higher in the 
growth-hormone-treated rat than in the control rat 
of the pair, with the exception of those killed at 
30 hr. It is legitimate to use the ratio of ‘RNA’ 
synthesis in each pair of rats for statistical analysis. 
The results shown in Fig. 6 indicate that ‘RNA’ 
synthesis is higher in the growth-hormone-treated 
rats from 23 to 27 hr. and then falls until it reaches 
equality at 30 hr. For the whole series, the mean 
value for the treated rats is 123 + 4% (n= 29) of the 
value for controls ; the difference is highly significant. 


DISCUSSION 


Treatment of rats with growth hormone after 
partial hepatectomy causes an increased mitotic 
peak, which starts slightly earlier and lasts longer 
than in the controls. There is also a higher peak of 
DNA synthesis, which returns to control levels at 
28} hr. Since DNA synthesis precedes actual 
mitosis by some hours, the DNA synthesis is usually 
found to be falling at a time of high mitotic activity. 
In growth-hormone-treated rats the mitotic peak is 
prolonged and at 26 hr. a high DNA synthesis and 
a high mototic count are often found together. 

There is also a small but significant increase of 
82P incorporation into the Schmidt—Thannhauser 
RNA fraction. 

We believe that the effect of growth hormone 
described here is a real one and that growth hormone 
is not acting like colchicine to give falsely high 
mitotic counts by prolonging the time taken by cells 
to complete mitosis. The cytological appearances 
and normal phase counts found after treatment with 
growth hormone are strong evidence against a col- 
chicine-like effect. The greatly increased DNA 
synthesis also suggests a real increase in mitosis and 
is not produced by giving colchicine. 

Our experiments were designed upon the hypo- 
thesis that growth hormone is the hormone respon- 
sible in part or whole for the regeneration of the liver 
after the stimulus of partial hepatectomy. The 
dosage of growth hormone was therefore deliber- 
ately high in order to be greater than the output of 
the hormone from the rat’s own pituitary. The 
timing of the doses was such as to ensure demon- 
strating an effect if oMe were produced. 
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The work of Stefano & Diermeier (1956) on the 
effect of growth hormone upon the development of 
polyploidy in the liver is in keeping with the 
hypothesis that growth hormone is important in the 
growth of the liver. Proof of the hypothesis requires 
work on liver regeneration in hypophysectomized 
rats. Some preliminary experiments which we have 
performed gave no positive result, but investigations 
are being continued. 

It is also of interest to enquire whether growth 
hormone exerts its effect (a) in the events which 
precede DNA synthesis, (b) during DNA synthesis, 
or (c) during the mitotic act. In our experiments 
growth hormone was used in effective concentration 
during all of these significant periods. The results 
would suggest that the effect is upon events in stage 
(a) or (6), or possibly all three. This problem is 
capable of experimental investigation and further 
work is in progress. 

Another problem for solution is whether growth 
hormone acts directly upon regenerating liver, or 
whether its effect is exerted through some other 
hormone or combination of hormones. For 
example, the close co-operation between growth 
hormone and insulin has been reviewed by Young 
(1953). 


SUMMARY 


1. Rats after partial hepatectomy were treated 
with subcutaneous injections of growth hormone, 
2mg. at Ohr., 4mg. at about 8 hr. and 4 mg. at 
4-6 hr. before killing. These were compared with 
control rats in regard to rates of mitosis, deoxy- 
nucleic acid synthesis and ribonucleic acid synthesis 
from 22 to 30 hr. after partial hepatectomy. 

2. The wave of mitosis starts slightly earlier 
(by about 1 hr.), and is two to three times higher in 
the growth-hormone-treated rats. 

3. The rate of deoxynucleic acid synthesis shows 
a higher and more prolonged peak in the growth- 
hormone-treated rats. 


4. The rate of **P incorporation into the Schmidt- 
Thannhauser ribonucleic acid fraction is higher 
during the peak of synthesis in the growth-hormone- 
treated rats. 


The authors wish to express their thanks to Professor 
J.S. Mitchell, F.R.S., for his constant advice and encourage- 
ment, and to Professor F. G. Young, F.R.S., for his generous 
gift of growth hormone and for his interest in the project. 
Mr Basil Slater very kindly prepared the growth hormone 
and Miss N. C. Burr prepared all the sections. 
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L-Cystathionine in the Urine of Pyridoxine-deficient Rats 


By D. B. HOPE* 
Department of Pharmacology, University of Oxford 


(Received 26 July 1956) 


Some time ago, when a study was made of the 
excretion of taurine in rats reared on a diet deficient 
in pyridoxine, a new ninhydrin-positive spot was 
seen on two-dimensional paper chromatograms 
which was absent from normal rat urine (Blaschko, 
Datta & Harris, 1953) and which was provisionally 

* Present address: M.R.C. Radiobiological Research Unit 
A.E.R.E., Harwell, Didcot, Berkshire. 


identified as phosphorylethanolamine. When in the 
present series of experiments this spot was again 
noticed it was decided to characterize the compound 
more fully. 


METHODS 


Animals. Two different strains of rats were used: Wistar 
albinos obtained from the Anatomy Department, Birming- 
ham University, and hooded rats of the Lister strain, which 
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were obtained at first from the M.R.C. Department for 
Research in Industrial Medicine, Hampstead, and later 
from the British Ratin Co. Ltd., East Grinstead, Sussex. 
The albino rats were freshly weaned and weighed 40 g. on 
arrival; those of the hooded Lister strain usually had the 
same initial weights; however, the animals in litter F, which 
was used for the isolation and characterization of the un- 
known compound, each weighed about 80 g. at the beginning 
of the experiment. 

The animals were kept on the pyridoxine-deficient diet 
previously described (Blaschko et al. 1953). A daily dose cf 
30 pg. of pyridoxine was added to the diet of the control rats. 
The urine passed through a perforated metal disk and a 
plug of glass wool in a funnel before being collected daily in 
a flask containing 0-2 ml. of N-HCl per rat. The urine was 
then stored at — 10°. 

Reference compounds. A sample of cystathionine con- 
taining all four isomers was obtained from the California 
Foundation for Biochemical Research. Small samples of 
each of the four isomers of cystathionine were kindly given 
by Professor V. du Vigneaud; the phosphorylethanolamine 
I owe to Dr S. P. Datta. 

Paper chromatography. Urine was examined by two- 
dimensional paper chromatography at 24 +- 1° by a procedure 
similar to that of Grobbelaar, Pollard & Steward (1955) and 
Coulson (1955). Solvent systems were phenol saturated with 
water, followed by butanol—acetic acid—water (4:1:5) 
(Partridge, 1948). Chromatograms were sprayed with the 
ninhydrin reagent of Woiwod (1949). 


EXPERIMENTAL 

When urine from deficient rats of the hooded Lister 
strain was examined, the spot noticed by Blaschko 
et al. (1953) was readily observed. This spot was 
absent from the urine of rats from the same strain 
fed on the pyridoxine-supplemented diet. The spot 
was also absent from the urine from pyridoxine- 
deficient animals of the albino Wistar strain. 

A chromatogram of rat urine from a deficient 
animal is shown in Fig. 1. The most conspicuous 
spot is that of the unknown compound (A). ‘Two less 


Butanol—acetic acid—-water 





Phenol—water 


Fig. 1. Two-dimensional paper chromatogram of urine 
from a hooded rat deficient in pyridoxine for 6 weeks. 
A, unknown compound; B, glycine and serine; C, 
threonine; D, alanine; E and F, not identified. 
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conspicuous spots (# and F’) were absent from the 
urines of normal rats but present in the urine of all 
deficient animals. 

In litter F the time course of the appearance 
of the unknown spot was followed more closely. 
Detectable amounts of the compound appeared in 
the urine of the three males at the end of the second 
week. Four females were excreting it by the end of 
the fourth week and urine from the remaining three 
females contained the compound at the end of the 
fifth week. It thus appears that the compound was 
excreted at an earlier stage in the males than in the 
females. At the end of the fifteenth week nine of the 
ten animals had survived: all excreted the unknown 
compound, 

Two closely adjacent spots were found on chro- 
matograms of deficient-rat urine to which phos- 
phorylethanolamine had been added. This showed 
that the unknown compound could not be phos- 
phorylethanolamine. From a comparison with a 
sample of urine run in the absence of added phos- 
phorylethanolamine it appeared that the unknown 
spot ran faster in phenol. A comparison with the 
chromatographic map of amino acids given by Dent 
(1948) showed that cystathionine behaved in a 
similar way. When a sample of the commercial 
cystathionine was added to the urine one spot only 
was seen; this showed that in the two solvent 
systems used the R, values of the unknown were the 
same as those of cystathionine. 

Cystathionine gives the test for S compounds with 
the platinic iodide reagent described by Winegard, 
Toennies & Block (1948) ; this test was applied to the 
paper chromatogram from the urine and was 
positive: the paper sprayed with the reagent was 
pink, but the region occupied by the unknown 
substance remained white. 


Isolation of unknown compound 


In the first experiment 500 ml. of urine was collected 
between the 32nd and 48th day of deficiency from the three 
male rats of litter F. The filtered urine was passed down a 
column (3-5 em. x 20 em.) of Dowex-50 x 8 (200-400 mesh) 
in its acid form. The column was then washed with water 
until the eluate was neutral (800 ml.). The amino acids were 
then eluted with 2N-ammonia (250 ml.) and the column was 
washed with water (250 ml.). The eluate and washings were 
combined and evaporated on a steam bath to about 10 ml. 
This material was applied in closely adjacent spots to two 
sheets of Whatman no. 3 MM paper. The chromatogram was 
run in the butanol-acetic acid—water system for 48 hr. 
The unknown compound was detected about 8 cm. from the 
origin and a strip about 3 cm. wide was cut out, so as to 
include this. The strip obtained from one sheet was extracted 
with water in a Soxhlet apparatus. The extract, 20 ml., was 
passed down a small column (0-9 em. x 6 em.) of Dowex-50 
in its acid form. The column was washed with water (50 ml.) ; 
the eluate, with 10 ml. of 2N-ammoniaand the washings, with 
10 ml. of water, were combined and concentrated to a syrup. 
Some crystalline material'separated after several days, and 
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a larger amount was obtained by the addition of a few drops 
of ethanol. The product was collected and washed first with 
a mixture of ethanol and water and then with ethanol alone. 
It was dried over H,SO, in vacuo (yield, 11-6 mg.). It gave 
a positive Lassaigne test; the test with the cyanide-nitro- 
prusside reagent for S-S-groups was negative. 

A portion (2 mg.) of the substance was dissolved in 4 ml. 
of water and 100 mg. of damp Raney nickel (Mozingo, 
Wolf, Harris & Folkers, 1943) was added. The mixture was 
refluxed on a water bath for 1 hr. and the solid removed by 
centrifuging. The supernatant was shaken with an equal 
volume of 8-hydroxyquinoline in chloroform (1%, w/v), the 
aqueous layer was evaporated to dryness and the residue 
dissolved in 0-5 ml. of water. Chromatography of this 
solution in phenol showed the presence of two conspicuous 
spots in the positions expected for alanine and «-amino- 
butyric acid. This is consistent with the behaviour of cysta- 
thionine (Berridge, Newton & Abraham, 1952). 

The mixture methanol—water-10 n-HCl-pyridine 
(32:7:1:4, by vol.) was used by Rhuland, Work, Denman & 
Hoare (1955) for resolving the isomers of xe-diaminopimelic 
acid. The system was used with the four isomers of cysta- 
thionine and allocystathionine on Whatman no. 1 paper. 
The R, values for L-, p-, L-allo- and p-allo-cystathionine 
were 0-21, 0-17, 0-22 and 0-22 respectively. The unknown 
material (5ug.) had an R, value of 0-21; this excludes 
p-cystathionine. 

In a second experiment larger amounts of the compound 
were isolated; the amino acids from 500 ml. of urine were 
separated by the Dowex 50 column as described above. The 
ammoniacal eluate was evaporated to remove free ammonia. 
The brown neutral concentrate (about 150 ml.) was passed 
through a column (2 cm. x 15em.) of Dowex 2x8 (200- 
400 mesh) in its chloride form, prepared according to Stein & 
Moore (1954). The column was washed with water (50 ml.) 
and the colourless eluate and washings were concentrated 
on the water bath to 30 ml. Solid material separated from 
the concentrate at +3° after a few hours; this was filtered 
off, washed with water and ethanol and dried in vacuo. 
From 500 ml. of urine collected between the 43rd and 58th 
day of deficiency 0-194 g. of solid material was obtained; 
the yield from 500 ml. collected during the 59th and 78th 
day was 0-048 g.; no solid material separated out from the 
urine collected between the 79th and 108th day. The 
material collected in the first period, which represents an 
excretion of 1-3 mg. of cystathionine/rat/day, was chro- 
matographically homogeneous in phenol and it gave a 
negative test for S-S groups with the cyanide—-nitroprusside 
reagent. It was dissolved in 2 ml. of N-HCland filtered; filtrate 
and washings were neutralized with n-NaOH; 146 mg. of the 
solid material separated. This material, recrystallized from 
water, had m.p. 294-295° (with slight browning at 270°), 
[a]20> + 22-0° in n-HCI (c, 1-0) (Found: C, 37-6; H, 6-4; N, 
12-8; Cale. for C,H,,0,N,S: C, 37-8; H, 6-4; N, 12-6). For 
L-cystathionine du Vigneaud, Brown & Chandler (1942) 
reported browning at 270° with m.p. at 312° and[«]?) + 23-7°. 
The dibenzoyl derivative was prepared from 50 mg. as 
described by Anslow, Simmonds & du Vigneaud (1946). The 
crude product (76 mg.) was recrystallized from ethanol— 
water (1:1, v/v) and had m.p. 226—227° (uncorr.). Dibenz- 
oyl-L-cystathionine has m.p. 229° (du Vigneaud et al. 1942); 
the dibenzoyl derivatives of the allocystathionines have 
m.p. 186-189° (Anslow et al. 1946). 

I am grateful to Dr D. Hodgkin, F.R.S., and Mrs M. 
Webster for taking the X-ray-diffraction photographs of 
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single crystals of the unknown and of L-cystathionine; the 
patterns indicated that the two crystals were identical. 
Powder photographs also gave identical diffraction patterns 
(Fig. 2). 

In the microbiological tests, kindly carried out by 
Professor D. D. Woods, two strains of Escherichia coli were 
used. E. coli 26-18 grows well in the presence of either L- 
homocysteine or L-methionine, but poorly in the presence of 
L-cystathionine. FH. coli 6/5 grows almost equally well in the 
presence of these three compounds. In a preliminary experi- 
ment with the crude material isolated by paper chromato- 
graphy, strain 28-18 grew poorly in the presence of the 





Fig. 2. X-ray diffraction powder photographs of L-cysta- 
thionine (C) and the unknown compound (U). 
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Fig. 3. Comparison of the growth-promoting properties of 
L-cystathionine and the unknown metabolite from urine 
of pyridoxine-deficient rats on Esch. coli strain 6/5. 
Growth determined by nephelometric readings with 
EEL photoelectric colorimeter. A, unknown metabolite; 
O, L-cystathionine. 
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unknown material but strain 6/5 grew well. The recrystal- 
lized material was compared quantitatively with L-cysta- 
thionine by Professor Woods. The results are shown in 
Fig. 3. 


DISCUSSION 


The evidence given in the preceding section shows 
that the unknown compound seen by Blaschko 
et al. (1953) is L-cystathionine. This confirms a 
suggestion made by Chatagner, Tabechian & 
Bergeret (1954), who tentatively identified as 


cystathionine a spot on chromatograms of urine of 


vitamine B,-deficient rats. Dr Chatagner (personal 
communication) has since found that synthetic 
cystathionine moves to the same position. 

It is known that vitamin B, is involved in 
different stages of the trans-sulphuration reaction 
(for review see Blaschko & Hope, 1956). Pyridoxal 
phosphate is essential for the enzymes responsible 


for both the formation and the breakdown of 


cystathionine. The observations described can best 
be understood if it is assumed that in the vitamin 
B,-deficient animals the enzyme which cleaves 
cystathionine is lost at a faster rate than the enzyme 
that forms it (Binkley, Christensen & Jensen, 1952; 
Goryachenkova, 1952). The reason why cysta- 
thionine had not previously been found in urine from 
vitamin B,-deficient rats may be connected with the 


strain difference noted in this study. The absence of 


cystathionine from the urine of the deficient albino 
rats remains to be explained. 

The diet used in the present experiments was 
poor in cystine. Thus a disability to carry out the 
trans-sulphuration, i.e. the formation of cystine 
from methionine, may contribute to the decrease in 
taurine excretion in pyridoxine deficiency (Blaschko 
et al. 1953; Chatagner et al. 1954). 


SUMMARY 


1. The appearance of a ninhydrin-positive spot 
in chromatograms of urine from hooded rats 
deficient in pyridoxine has been confirmed. 
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2. The substance responsible has been isolated 
and shown to be L-cystathionine. 

3. This observation is discussed in the light of 
what is known about the importance of vitamin B, 
in trans-sulphuration. 


I wish to thank Professor J. H. Burn, F.R.S., for the 
privilege of working in his Laboratory, and Dr H. Blaschko 
for his help and guidance. The work has been carried out 
during the tenure of a Medical Research Council Scholarship 
for which I wish to express my gratitude. 
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The widespread practice of using urinary 17-oxo 
steroid determinations as a means of studying 
disorders of androgen metabolism assumes the 
existence of some relationship between the amount 


of androgens secreted in the body and the amount of 


17-oxo steroid excreted in the urine. There is good 
evidence that the 17-oxo steroids arise from bio- 
logically active steroids formed in the adrenals and 
testes, although it is uncertain where these com- 
pounds are metabolized to the conjugated 17-oxo 
steroids found in peripheral plasma and _ urine. 
Whether or not urinary excretion patterns 


steroids accurately reflect the concentration of 


steroids in the plasma depends to a large extent on 
the renal clearance of androgen metabolites in 
circulation in blood. It is clearly desirable to 
determine simultaneously blood and urine levels for 
17-oxo steroids and to establish renal clearance 
values for these compounds. 

The existence of free 17-oxo steroids in urine is 
very doubtful. Reliable methods of determination 
give very low figures, and the possibility of hydro- 
lysis after collection cannot be excluded. By con- 
trast, most 17-oxo steroids present in urine are 
liberated by procedures which hydrolyse gluc- 
uronide and sulphate conjugates. 

Bush (1956) reported the presence of dehydro- 
epiandrosterone (38-hydroxyandrost-5-en-17-one), 
androsterone and 118-hydroxyandrost-4-ene-3:17- 
dione in adrenal-vein blood from a woman with post- 
pubertal virilism. Romanoff, Hudson & Pincus 
(1953) found androst-4-ene-3:17-dione and its 11£- 
hydroxy derivative in two samples of adrenal-vein 
blood. These unconjugated 17-oxo steroids have not 
been found in peripheral blood. Migeon & Plager 
(1954) and Migeon (1956) showed that dehydroepi- 
androsterone and androsterone are present in peri- 
pheral blood as sulphates which are hydrolysed by 
continuous extraction with ether at pH 0-8. 
According to Migeon, little if any steroid could be 
extracted from either non-hydrolysed plasma or 
plasma hydrolysed with £-glucuronidase. Clayton, 
Bongiovanni & Papadatos (1955) stated that they 
found 171 yg. of 17-oxo steroid/100 ml. in a large 
sample of blood, and that of this 12 % was present as 
glucuronide. The ratio of the concentration of 17- 
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of 


oxo steroids in urine to that in plasma was 4:1 for 
glucuronides and 0-57 for sulphates. 

As it is known that in normal urine samples the 
17-oxo steroids conjugated as glucuronides form 
more than half the total, the failure of Migeon to find 
17-oxo steroid glucuronides in plasma suggests a 
high clearance rate for this form of conjugate. This 
is also apparent from the results of Clayton et al. 
This paper describes a method for the determination 
of 17-oxo steroid glucuronides and sulphate levels in 
plasma and urine. The clearances calculated from 
results obtained from normal subjects showed that, 
whereas the glucuronide conjugates are probably 
excreted mainly by glomerular filtration, the 
sulphate-bound 17-oxo steroids may be either 
excreted by glomerular filtration and partially re- 
absorbed, or else excreted by the renal tubules. 


MATERIALS 


B-Glucuronidase. This was a preparation from limpets 
(Patella vulgata) (powder B of Dodgson & Spencer, 1953) 
with activity of 700 000 units/g., p-chlorophenol glucuronide 
being used as substrate (Spencer & Williams, 1951). 

Other materials. Alumina (Savory and Moore): 120-200 
mesh, containing 4.4% of water; m-dinitrobenzene: 1% 
(w/v) (twice recrystallized from ethanol) in ethanol; 2-5yN- 
KOH: in ethanol containing 30 mg. of ascorbic acid/100 ml. 
(Wilson, 1954); sodium acetate buffer: 0-5m, pH 4-0; ether 
and carbon tetrachloride: distilled; benzene: distilled and 
water-free; ethanol: re-rectified. 


METHOD 


Blood. Blood samples (50 ml.) were drawn from an arm 
vein into heparin (1000 units) and were centrifuged at 
1550 g for 15 min. All the samples studied were obtained 
between 10 and 12 a.m. The plasma was removed and stirred 
vigorously while the protein was precipitated by the slow 
addition of 4 vol. of ethanol. The precipitate was removed by 


centrifuging (980 g for 5 min.) and was washed with 1 vol. of 


ethanol-water (4:1, v/v). The combined aqueous ethanol 
solutions were evaporated almost to dryness at 50° under 
reduced pressure (lcm. mercury) and the residue was 
transferred to a stoppered centrifuge tube with water 
(25 ml.) and benzene (25 ml.). This mixture was shaken for 
2 min., and after centrifuging (980 g for 10 min.) the clear 
yellow benzene layer was removed. To ensure the removal of 
fat the aqueous phase was extracted three or more times with 
benzene until the final extract was colourless. 
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Hydrolysis of 17-oxo steroid glucuronides 

The remaining aqueous layer was evaporated under 
reduced pressure almost to dryness and the residue was 
transferred to a stoppered tube with 0-5m-acetate buffer 
(20 ml.; pH4-0). Potassium dihydrogen phosphate 
(100 mg.) was dissolved in the buffer solution (to inhibit the 
action of the sulphatases in the enzyme preparation) and 
50 mg. of B-glucuronidase homogenized in buffer (5 ml.) was 
added. As a bacteriostatic agent penicillin (50 000 units) 
was added and the mixture incubated at 47° for 16 hr. 
Material liberated by the enzyme preparation was extracted 
with benzene (3 x 10 ml.) and centrifuged to break emulsions 
formed. The combined benzene extracts were evaporated to 
approx. 1 ml., and carbon tetrachloride (20 ml.) was added. 
This solution was washed with 2n-NaOH (3 x2 ml.) and 
with water until neutral, and finally evaporated to dryness. 
The material thus obtained by f-glucuronidase hydrolysis 
was unsuitable for direct chromatographic separation, as it 
contained some material which impeded the flow of develop- 
ing solvents through the narrow alumina column. The residue 
was therefore dissolved in benzene (5 ml.) and transferred 
to a wide column (1 cm. diam.) of alumina (2 g.). A pre- 
liminary wash of this column with benzene (15 ml.) con- 
tained no Zimmermann-positive material and the 17-oxo 
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Recipient vessel 


Means 


Donor vessel 

Fig. 1. Reservoir apparatus for supplying solvent gradient 
to the alumina column under pressure. Pressure is 
applied at A, and the solvent outlet at B is connected to 
the column with 1mm. polythene tubing. As solvent 
leaves the stirred tube, more polar solvent enters through 
the siphon. The stirrer is actuated magnetically from an 
electric motor. 
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steroids were then eluted with a 2% (v/v) solution of ethanol 
in benzene (20 ml.). The ethanolic benzene solution was 
evaporated to dryness to give the residue containing 17-oxo 
steroids for chromatographic separation. 


Hydrolysis of 17-oxo steroid sulphates 

The aqueous enzyme digest which had been extracted 
with benzene was acidified with 2n-HCl (10 ml.) and 
extracted continuously with ether in a liquid-liquid 
extractor (150 ml.) for 48 hr. The pH after extraction was 
approx. 0-6. The ether solution (100 ml.), after being 
washed with 2n-NaOH (3x10 ml.) and with water until 
neutral, was finally evaporated to dryness to give the residue 
containing 17-oxo steroids for chromatographic separation. 

Urine. Each subject drank water (300 ml.) and the 
bladder was emptied 1 hr. before the blood sample was 
obtained. The urine passed during the following 2 hr. period 
was collected, and the conjugated steroids were extracted by 
the method of Edwards, Kellie & Wade (1953) and worked 
up in the same way as the plasma extract. The 17-oxo steroid 
content of the glucuronide and sulphate fractions were 
determined on portions of the extracts by the modification 
of the Zimmermann reaction described by Callow, Callow & 
Emmens (1938). 



































Fig. 2. Bottle of 2 1. capacity fitted for applying pressures 
up to 15cm. mercury. With the stopcock closed the 
pressure may be raised by means of the rubber bulb and 
the connecting rubber tube then clamped. 
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Final chromatography of the 17-oxo steroid fractions 


The residues obtained from blood and from portions of the 
final extracts from urine containing approx. 50 yg. of total 
17-oxo steroids were chromatographed on a column of 
alumina (1-5 g.; height 16 em. x 0-325 cm. internal diam.). 
The material was transferred to the column in benzene 
(3 x 0-1 ml.) and the column was developed by gradient 
elution (Kellie & Wade, 1957) donating 2% (v/v) ethanol in 
benzene (35 ml.) into a recipient vessel containing benzene 
(50 ml.). 

It was necessary to apply pressure (approx. 4 cm. 
mercury) to obtain a flow rate of 10 fractions (0-5 ml.)/hr., 
and the apparatus illustrated in Fig. 1 was devised for this 
purpose. The twin vessels of the gradient-elution reservoirs 
were made from two Pyrex standard ground-glass joints 
(B19 and B34 for donor and recipient respectively). The 
two sockets were sealed at the unground ends and were 
joined by a tube (5 mm. internal diam.) near the standard 
joints and by a siphon capillary tube (1 mm. internal diam.) 
at the sealed end. A capillary outlet from the B34 recipient 
vessel was connected to the column by a short length of 
polythene tubing (1 mm. internal diam.). A magnetic 
stirrer, operating in the recipient vessel, was mounted by two 
ball races in a brass collar turned to a B34 cone. This brass 
collar was sealed by a polythene disk (one-eighth inch thick) 
held in position by a flat brass ring secured by screws. The 
stirrer was driven by a second magnet mounted on the 
spindle of an electric motor outside the polythene seal. 

To set up the apparatus the benzene (50 ml.) was placed 
in the recipient vessel and the 2% (v/v) ethanol in benzene 
(33 ml.) in the donor vessel, and the stirrer placed in position 
and set in motion. The siphon was then filled by applying 
suction to the side tube of the siphon and was maintained by 
a screw clip on the rubber tube joined to it. When the 17-oxo 


10 


17-Oxosteroid (,g.) 











A. E. KELLIE AND E. R. SMITH 


1957 


steroid material had been adsorbed on the alumina, benzene 
(1 ml.) was run on to the top of the column and the reservoir 
was immediately connected to it. Pressure (approx. 4 cm. 
mercury) was applied to the column through a B19 standard 
ground-glass joint (at A, Fig. 1) from a bottle of 2 1. capacity 
fitted with a 15 cm. mercury U-tube and a side arm con- 
nected to a rubber-bulb pump (50 ml.) (Fig. 2). The air in the 
pressure bottle was kept dry by placing a few grams of 
anhydrous CaCl, in the bottom of the bottle. This arrange- 
ment gave 10-12 fractions (0-5 ml.)/hr., and the 120 fractions 
were collected overnight by an automatic-fraction collector, 
Large stocks of the eluting solvents were prepared initially, 
and by using these and the same batch of alumina through- 
out, the positions of the eluted 17-oxo steroids could be 
determined by reference to a standard chromatogram. The 
positions of these steroids were checked by determining the 
17-oxo steroid content of intermediate fractions (e.g. 
fractions 53 and 62 in Fig. 3), by a one-twentieth-scale 
modification of the Zimmermann reaction (Kellie & Wade, 
1957) and reading the optical density in a micro cell (0-5 ml.; 
optical path 1 cm.) with a spectrum green filter (Ilford 604), 

The fractions containing the individual compounds were 
combined and the 17-oxo steroid content of each sample was 
determined by a one-quarter-scale Zimmermann reaction. 
A volume (0-1 ml.) of 1% (w/v) m-dinitrobenzene and 
0-05 ml. of 2-5Nn-ethanolic KOH were added to the residue, 
and after incubation at 25° for 1 hr. the solution was diluted 
with 2-5 ml. of ethanol and read in a spectrophotometer 
(Unicam 600; optical path 1 em.) at 440, 520 and 600 m;.. 
Simultaneously a reagent blank and a standard (5 yg. of 
dehydroepiandrosterone) were run and the corrected 
extinction was found by Allen’s method (1950). The 
identity of the compounds so determined was checked by 
paper chromatography of the material recovered from the 
reaction solution (Kellie & Smith, 1956). 
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Fig. 3. Chromatograms of 17-oxo steroids. 84 yg. from cold acid hydrolysate of urine H.B. Fractions 46-51 : 3B-hydroxy- 
androst-5-en-17-one (dehydroepiandrosterone); fractions 54-61: androsterone; fractions 64-71: 3x-hydroxy-5p- 
androstan-17-one (aetiocholanolone). Fractions 85-93: 10yug. of 3«-hydroxy-58-androstan-11:17-dione; fractions 
107-115: 40 yg. of 3a:118-dihydroxy-5f-androstan-17-one. 
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In the material obtained from urine by dilute acid hydro- 
lysis a red pigment occurred which when present in relatively 
large amounts was not completely separated from dehydro- 
epiandrosterone by chromatography. To determine the 
steroid content of those fractions which contained pigment 
they were divided into two equal portions, one of which was 
used in the absence of m-dinitrobenzene as a pigment blank 
against the one-twentieth-scale Zimmermann reaction 
carried out on the other portion. This difficulty did not arise 
with blood samples or with urine glucuronide preparations ; 
in occasional urine sulphate preparations which contained 
large amounts of dehydroepiandrosterone a small proportion 
of this was found in adjacent fractions containing pigment. 


RESULTS 


concentrations of 
androsterone 


The dehydroepiandrosterone 
sulphate and sulphate found in 
plasma and urine samples are given in Table 1 
together with the calculated clearances. Within this 


small group of normal subjects the plasma levels of 


both dehydroepiandrosterone (4-7—131 yg./100 ml.) 
and androsterone sulphate (1-0—43 wg./100 ml.) 
show wide variation. Samples were collected from 


female subjects without relation to the events of 


the menstrual cycle. With the exception of three 
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instances the clearance values lie below 10. The 
corresponding data for androsterone and 3a- 
hydroxy-5f-androstan-17-one _(aetiocholanolone) 
glucuronides are given in Table 2. The 
clearances are calculated from the formula ‘ Ratio 
of concentrations in urine and in plasma multiplied 
by the volume of urine excreted/min.’ and are based 
on the assumption that the kidney does not play an 
active part in the formation of conjugates. These 
values are high and indicate that the glucuronides 
of androsterone and aetiocholanolone are cleared 
at about the same rate as inulin. In the larger 
samples of plasma collected, small amounts of 
3a-hydroxy-5f-androstane-11:17-dione (0-3 yg./ 
100 ml. in sample K.W.) and 3«:118-dihydroxy-5«- 
androstan-17-one (0-9 »g./100 ml. in sample J.W.) 
No trace of de- 


renal 


were determined and identified. 
hydroepiandrosterone was found in the 
glucuronide fractions, although small amounts of 
this compound were identified in the glucuronide 
fraction of two of the three large plasma samples 
(1-7 pg./100 ml. in K.W.; 2-8 wg./100 ml. in E.K.). 
Roy (1956) found that limpet sulphatase in 0-005 ™- 
phosphate had 2% of the optimum activity in the 
absence of phosphate. The sulphatase in the enzyme 


urine 


Table 1. 38-Hydroxyandrost-5-en-17-one (dehydroepiandrosterone) and androsterone 
in sulphate fractions from plasma and urine 


Age range of males: 20-40 years; females: 20-30 years. 


Dehydroepiandrosterone 


Androsterone 





Plasma —_____—— ———_—__—_—_—,, cc - - 
vol. Urine Urine Plasma Clearance Urine Plasma Clearance 
(ml.) (ml./min.) (yg./100 ml.) (ug./100 ml.) (ml./min.) (yg./100 ml.) (ug./100 ml.) (ml./min.) 
Males 
ES. 25-6 0-94 11-6 12 0-9 24-6 5 4-7 
R.E. 23-0 0-98 91 76 1-2 81 24 3:3 
K.H. 23-4 0-95 70 131 0-5 148 43 3-2 
A.W. 6-0 26 27-6 5-6 12 11 6-7 
A.M. 31 15 24 2-0 11 8 4-4 
E.K. 0-92 77 12 5-9 17 1-2 12 
Mean —= i = 47 = a 15 
Females 
H.B. 33 4-6 5 46 1-5 13-6 15-2 4-1 
J.W. 266 2-2 48 15-6 0-7 9-5 78 2-7 
K.W. 253 58 26 ‘7 32 9 2-8 19 
E.B. 31-5 1-1 6:3 15 0-46 3°7 (1) - 
R.G. 31 6-1 2-5 31 0-5 4:8 27 1-1 
Mean _ _ 22°5 ~- - 13 


Table 2. Androsterone and 3x-hydroxy-5B-androstan-17-one (aetiocholanolone) 
in glucuronide fractions from plasma and urine 


(ug./100 ml.) (pg./100 ml.) 
E.K. 259 2-1 
J.W. 99 1-5 
K.W. 33 2-0 
Mean -—- 1-9 


Androsterone 


Urine Plasma 


en aes, 
Clearance 
(ml./min.) 


Urine 


(ug./100 ml.) (yg./100 ml.) 


Aetiocholanolone 


Plasma 


Clearance 
(ml./min.) 


118 241 1:3 177 
133 80 1-0 175 
113 50 2-5 137 
iis sil * 16 _ 
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Table 3. Recovery of steroids from a mixture of pure steroids by chromatographic analysis 
in the apparatus described 


Added Found Recovery 

(ug-) (u8-) (%) 

38-Hydroxyandrost-5-en-17-one (dehydroepiandrosterone) 12:7 12-0 94 
Androsterone 9-1 9-5 104 
3«-Hydroxy-5f8-androstan-17-one (aetiocholanolone) 13-9 14-2 102 
3a-Hydroxy-5f8-androstan-11:17-dione 6-5 4:8 74 
3a:118-Dihydroxy-58-androstan-17-one 5-4 4:5 83 
Total 47-6 45-0 94 


preparations used in the present work was inhibited 
by 0-03M-KH,PO,. Incubation of potassium de- 
hydroepiandrosterone sulphate (74 yg. of steroid) 
with the enzyme (35000 units) in 0-5M-acetate 
buffer (pH 4-0, 25 ml.), under the same conditions 
as used in these studies, liberated 5% of the 17- 
oxo steroid (4 ug.) as benzene-extractable material. 
It has therefore been assumed that steroid sul- 
phates in the amounts encountered are not attacked 
under the conditions described and that any 
material extracted by benzene after hydrolysis with 
the enzyme preparation has been liberated from 
conjugation as glucuronide. If this assumption is 
justified then the dehydroepiandrosterone gluc- 
uronide found in the large plasma samples (K.W. 
and E.K.) does not appear to have been excreted. 
No recognizable free 17-oxo steroids were found in 
material extracted from plasma by benzene before 
hydrolysis, even in the large samples. 

A measure of the accuracy of the chromatographic 
analysis and determination procedures is given by 
the recoveries of five pure steroids (Table 3). The 
mean recovery of the three 11-deoxy-17-oxosteroids 
is 100%, and the highest error is 6%. Thus calcu- 
lating the renal clearance values involving the ratio 
of two determinations the error may be as high as 
13%. The recovery of 17-oxo steroids with an 11- 
oxygen function is less satisfactory. 


DISCUSSION 


The wide range of values for the dehydroepiandro- 
sterone sulphate and androsterone sulphate con- 
centrations in plasma from males was similar to that 
reported by Migeon (1956). Whereas in plasma from 
males the average androsterone sulphate concentra- 
tion is approximately equal to that from females, in 
males the dehydroepiandrosterone sulphate con- 
centration is more than twice that found in females. 
Migeon, who found no difference between the levels 
of plasma 17-oxo steroids in male and female sub- 
jects, states that increased values for 17-oxo steroid 
conjugates in the plasma of females are found 
midway through the menstrual cycle. The number 
of cases so far examined is not enough for any 
general conclusions to be drawn. 


The renal clearance values of androsterone 
sulphate were, in ten out of eleven subjects, one to 
six times those for dehydroepiandrosterone sul- 
phate, but the calculated reabsorption or retention 
of these compounds (Beaumont & Dodds, 1944) was 
greater than 90 and 95 % respectively. 

The clearance values for the glucuronides are 
comparable with that of inulin and suggest that 
these compounds may be excreted by glomerular 
filtration alone. 


SUMMARY 


1. In six male subjects and four female subjects 
peripheral plasma was found to contain the follow- 
ing 17-oxo steroids conjugated as sulphate: 3£- 
hydroxyandrost-5-en-17-one (dehydroepiandroster- 
one), 12-13lyg./100ml. and 5-46 yg./100 ml.; 
androsterone, 1—43 yg./100 ml. and 1-27 pg./100 ml. 

2. In three larger samples of plasma, androster- 
one glucuronide (1-5—2-lyug./100 ml.) and 32- 
hydroxy-58-androstan-17-one (aetiocholanolone 
glucuronide; 1—2-5 ug./100 ml.) were found. Small 
amounts of 3a-hydroxy-5f-androstane-11:17-dione 
and 3a:118-dihydroxy-5«-androstan-17-one were 
present, each on one occasion, in the glucuronide 
fraction of these larger samples. 

3. Renal clearance values for dehydroepiandro- 
sterone sulphate ranged from 0-5—6 ml./min. in ten 
out of eleven subjects. The corresponding values for 
androsterone sulphate were 1—12 ml./min. 

4. Renal clearance values for androsterone and 
aetiocholanolone glucuronide ranged from 113 to 
177 ml./min. 


We are grateful to the eleven volunteers who made this 
work possible; to Drs E. T. Knudsen and 8. T. H. H. Pilbeam 
who obtained the samples of blood and urine; to Mr R. W. H. 
Edwards who designed the glass reservoir. We should like to 
express our thanks to Sir Charles Dodds for his interest in 
this work. 
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A New Method for the Isolation of Deoxyribonucleic Acids: Evidence 
on the Nature of Bonds between Deoxyribonucleic Acid and Protein 


By K. 


S. KIRBY* 


Chester Beatty Research Institute, Institute of Cancer Research, 
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(Received 22 October 1956) 


When homogenized mammalian tissue was ex- 
tracted with a two-phase phenol—water mixture at 
room temperature ribonucleic acids (RNA) were 
released into the aqueous layer, whereas deoxy- 
ribonucleic acids (DNA) remained completely 
insoluble with the denatured protein. This method 
has been developed as a preparative procedure for 
RNA (Kirby, 19565). 

Replacement of the water by solutions of certain 
anions brought DNA as well as RNA into the 
aqueous layer and the effectiveness of some of the 
salts used has been reported in a preliminary note 
(Kirby, 1956a). 

Most of the tests have been carried out with rat 
liver, but similar results have been obtained with 
rat kidney, spleen, testis, a hepatoma and calf 
thymus glands. The tissue was homogenized with 
isotonic solutions of the salts, adjusted to pH 6-5 
in order to avoid complications by release of nuclear 
materials through osmotic or pH effects. DNA was 
liberated when potassium cyanide or ethylene- 
diamine was used at pH 10, but remained insoluble 
if the pH was 6-5. 


EXPERIMENTAL 


Test for the release of deoxyribonucleic acids 


The salt solutions were prepared either directly from the 
sodium salt or by weighing the acid, titrating it with n- 
NaOH to pH 6-5 and adjusting to the correct volume with 
water. When the sodium salt was insoluble at 0-15 m-concen- 
tration, as with riboflavin phosphate, nitroso-2-naphthol- 
3:6-disulphonate (nitroso R salt) and spermine phosphate, 
a saturated solution was used. Complexing agents which 
were insoluble in water were dissolved in 1 or 2 ml. of 2- 
methoxyethanol, then water was added and the mixture 
used with any precipitate present. 





* British Empire Cancer Campaign Research Fellow. 


Pieces of tissue (1-5 g.) were treated with the solution of 
the compound to be tested (20 ml.) in an all-glass tissue 
grinder and the mixture was poured off from any fibrous 
matter which remained at the bottom of the tube. Phenol 
[(90 %, w/w); 20 ml.] was added to the tissue mixture and the 
two-phase system was stirred or shaken vigorously for 1 hr. 
at room temperature. The extract of phenol and water was 
then centrifuged at 1000 g for from 10 min. to 1 hr., depend- 
ing upon the viscosity of the aqueous layer. A volume 
(1 ml.) of this aqueous supernatant layer was withdrawn. 
Dische’s (1930) reagent (2 ml.) was added and the mixture 
was heated on a boiling-water bath. The development of a 
blue colour was a positive indication of DNA. Another 
1 ml. portion of the aqueous layer was withdrawn, 1 ml. of 
ethanol added and the mixture shaken vigorously. A 
fibrous precipitate showed that DNA was present. The pre- 
cipitation test was essential where the Dische colour was 
inhibited by the salt in solution, as for example with 
KSCN, Na,S,0O, and p-aminosalicylate. The Dische test 
was then applied to the precipitate after washing and 
dissolution. 

It was essential to homogenize the tissue in the salt solu- 
tion first and then to treat with the phenol, since no DNA 
was released by treating tissues with water and phenol and 
subsequently adding the effective salts. 


Extraction of liver homogenates with n-butanol 
and protein denaturants 


Rat liver (7-5 g.) was homogenized in water (100 ml.); 
20 ml. portions were taken and the various compounds 
shown in Table 1 added, and each was then shaken with 
n-butanol (20 ml.). When the liver was homogenized in 
0-15 M-sodium salicylate and treated with the same additives 
as above, exactly the same results were obtained. 

Rat liver (1-5 g.) was homogenized in 20 ml. of 0-15m- 
sodium salicylate; resorcinol (10 g.) was added and the 
mixture shaken, but no DNA could be detected after 
removal of insoluble material by centrifuging. Addition of 
n-butanol (8 ml.) and n-hexylresorcinol (6 g.) with the same 
homogenate and subsequent separation resulted in a 
positive test for DNA being given by the aqueous layer. 
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Table 1. Tests for release of deoxyribonucleic acids 


with different protein denaturants 


Rat liver (7-5 g.) was homogenized in 100 ml. of water. 
Portions (20 ml.) were treated with the additives shown and 
then shaken with 20 ml. of n-butanol. 


Addition 
of ethanol 


Dische 
Additive reaction 
None a 
Sodium dodecyl sulphate (1 g.) 
Cetyltrimethylammonium chloride 

(1 g.) 

Urea (4-8 g.) ~ - 
Guanidine hydrochloride (7-65 g.) + — = 


Fibrous 


Absorption of deoxyribonucleic acid by collagen 

Collagen (standard hide powder) was extracted with cold 
water in a Soxhlet apparatus overnight and then well 
washed with water, most of which was removed by suction 
at the pump. 

For treating the collagen 0-1M-solutions of potassium 
citrate (K,C,H;0,,H,O), sodium acetate (NaOAc,H,0), 
cobalt acetate [CO(OAc),], manganese acetate [Mn(OAc),] 
and zine acetate [Zn(OAc).] were used. Copper acetate 
[Cu(OAc),,H,O] and ferrous sulphate (FeSO,,7H,O) were 
adjusted as follows: copper acetate (10 g.) and potassium 
citrate (8-8 g.) were dissolved in water, N-NaOH (26 ml.) 
was added and the solution was made up to 500 ml. Ferrous 
sulphate (13-9 g.) was dissolved in 250 ml. of 0-1 M-potassium 
citrate; N-NaOH (10 ml.) was added and the mixture was 
made up to 500 ml. 

The wet hide powder (4 g.) was mixed with 100 ml. of each 
of the above salt solutions and the mixtures were shaken 
occasionally during 1 hr., after which the solutions were 
filtered off. The metal—collagen complexes were suspended 
in water (100 ml.) and filtered off four times during the day, 
before being allowed to remain in water (100 ml.) overnight. 
Each collagen was then filtered off and used in this state. 

Three separate batches (0-5 g. in each)-of each of the 
treated collagens were weighed out, and to the first was 
added water (10 ml.), to the second rat-liver DNA solution 
(10 ml.) and to the third calf-thymus DNA solution (10 ml.) 
were added, and the mixtures were allowed to remain in a 
cold room. The light absorption at 258 my was measured 
after bringing the solutions to room temperature and centri- 
fuging. The water from the collagen treated with the 
appropriate metal was used as a blank experiment in each 


case. 


Isolation of deoxyribonucleic acids from rat liver 


It was advantageous to allow the rats to fast for 24 hr. 
before removing the livers. The animals were killed by 
breaking their necks, the livers were removed and im- 
mediately dropped on to solid CO,. The pooled rat livers 
(75 g.) were broken down in a high-speed mixer (45 sec.) 
with a solution of sodium p-aminosalicylate (600 ml. of 
6%, w/v; not necessarily all added at once). The mixture 
was poured through a Biichner funnel to remove fibres and 
debris, and the filtrate was stirred while 600 ml. of 90% 
(w/w) phenol was added quickly. Stirring was continued for 
1 hr., after which the mixture was centrifuged in an Inter- 
national centrifuge at 0° (200 rev./min. for 1 hr.). The super- 
natant was pale yellow and reasonably clear, and was 


removed by suction. The phenolic layer and the insoluble 
material were washed once with a small quantity of 6% 
(w/v) sodium p-aminosalicylate solution, and the aqueous 
layer was separated by centrifuging. The combined aqueous 
layers (400 ml.) were stirred and 2-ethoxyethanol (400 ml.) 
was added. The fibrous precipitate was removed with a 
glass rod and placed in water (100 ml.) immediately. The 
DNA dissolved after shaking for 30min. and sodium 
p-aminosalicylate (6 g.) was added and the DNA was pre- 
cipitated again with 2-ethoxyethanol (100 ml.). In each 
case a flocculent precipitate of RNA remained in the water- 
ethoxyethanol mixture. The DNA precipitate dissolved 
quickly in water (100 ml.); sodium acetate (NaOAc,H,0; 
4g.) was added and the DNA precipitated with 2-ethoxy- 
ethanol (100 ml.). This precipitate was dissolved in 50 ml. 
of water, sodium acetate (2 g.) and ribonuclease (1-5 mg. 
in 1 ml. of water) were added and the mixture was allowed 
to remain at 2° for 16 hr. The DNA was precipitated by 
2-ethoxyethanol (50 ml.) and as much as possible of the 
solvent removed from the precipitate before it was dis- 
solved in water (33 ml.). When dissolution was complete 
(15-30 min.) potassium phosphate [33 ml. of 2-5M-K,HPO, 
and 1-65 ml. of 33% (v/v) H,PO,] and 2-methoxyethanol 
(33 ml.) were added, and the mixture was well shaken and 
allowed to stand until the layers separated, when the bottom 
layer was run off. The top layer was separated from any 
insoluble material and centrifuged in polyethylene centri- 
fuge tubes in a Servall centrifuge at 10000 g for 1 hr. The 
clear organic layer was carefully poured from any insolubl: 
sediment, a few drops of toluene were added and the mixture 
was dialysed twice against water (2 1. each time), and twice 
against 1% sodium acetate (2 1. each time). The contents of 
the bag were then removed, centrifuged, made up to 4% 
(w/v) with respect to sodium acetate (the volume is usually 
about 100 ml.), and the DNA was precipitated with an 
equal volume of 2-ethoxyethanol. The fibrous precipitate 
was removed, washed twice with ethanol—water (3:1), once 
with ethanol and then dried over CaCl, in a vacuum desic- 
cator. The product was a white fibrous felt (A,,,,, 258 mp, 
moisture content 15%) which dissolved readily in water 
(less than 1 hr.). The yield was about 200 mg./100 g. of rat 
liver, which indicated that there were few losses, as Thomson, 
Heagy, Hutchison & Davidson (1953) reported values of 
21-0-29-7 mg. of DNA P/100 g. of rat liver. 

DNA has also been prepared in exactly the same way 
except that the livers were broken down in sodium trichloro- 
acetate (0-3M) or sodium benzoate (0-3m). The yields were 
about the same. 

DNA which had been precipitated each time with ethanol 
instead of 2-ethoxyethanol could be separated from ribo- 
nucleotides present by dissolution in water and precipitating 
twice with 2-ethoxyethanol in the presence of sodium 
acetate. 


Determination of base ratios 


The base ratios of the DNA were determined by hydrolysis 
with formic acid in the following manner (Vischer & Chargaff, 
1948; Wyatt, 1951): DNA (2-5 mg.) was weighed into a test 
tube made of heavy-walled Pyrex glass (9 mm. x 70 mm.); 
the neck was constricted and formic acid (AnalaR; 0-5 ml. of 
90%) was added. The tube was sealed at the constriction 
and allowed to remain until the DNA had dissolved. The 
tube was then placed in a large test tube containing 1:2- 
dichlorobenzene and fitted with a reflux condenser. The 
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dichlorobenzene was raised to boiling point (176°) during 
about 20min. and heating was continued for another 
40 min. The contents of the tube were by then a pale 
yellow, but no insoluble matter had separated. The tube was 
opened carefully, after freezing in solid CO,, and the 
contents were quantitatively transferred to a small flask 
(B10 standard ground-glass joint) which was attached to 
a rotary evaporator, and the formic acid removed at 40°. 
The residue was dissolved in 0-1 ml. of N-HCl, and 0-01 ml. of 
this solution was used for each spot on the paper for chro- 
matography (Whatman paper no. 4). The solvents used 
were methanol-11-6n-HCl-water (7:2:1) (Kirby, 1955). 
After development (16 hr.) the paper was dried at room 
temperature, the spots were marked with the aid of a 
Hanovia Detectolite lamp (Hanovia Ltd., Slough, Bucks) 
and the bases eluted with 5 ml. of solvent. To elute thymine, 
cytosine and adenine 0-1 N-HCl was used, and 0-5n-HCl for 
guanine. The estimations were carried out in the usual way. 
When P was determined, 0-02 ml. of the same solution as was 
used for determination of the base ratios was used, and the 
phosphate colour developed by addition of HClO, (60%) 
(in place of conc. H,SO,), ammonium molybdate and the 
reducing agent of Fiske & Subbarow (1925). 


Estimation of amino acids 


DNA (15 mg.) was weighed into a tube and mixed with 
5-8n-HCl (0-5 ml.). The tube was sealed and the mixture 
allowed to stand until the DNA had dissolved, after which 
it was heated at 100° for 24 hr. The tube was opened, centri- 
fuged to remove insoluble matter and the supernatant 
transferred to a small flask (B10 standard ground-glass 
neck) which was attached to a rotary evaporator and the 
HCl removed at 40°. Water (0-5 ml.) was added several 
times until no HCl was left. A volume (0-1 ml.) of water— 
acetic acid (4:1, v/v) was added, and when as much as 
possible of the residue had been dissolved it was transferred 
to a small tube and centrifuged. A portion (0-01 ml.) of 
this solution was used for the determination of P. 

Paper chromatography was carried out with Whatman 
no. 1 paper. A sheet 47 cm. x 16-5 cm. was used for single- 
way chromatography and one 47 cm. x 35 cm. for chromato- 
graphy and electrophoresis. A volume (0-02 ml.) of the 
hydrolysis solution was applied to each paper and both were 
chromatographed by upward development along the longer 
length for 20 hr. A mixture of ethyl methyl ketone-acetic 
acid—water (3:1:1, by vol.) was added as a developing 
solvent, which rose about 40 cm. in the development time. 
The papers were dried at room temperature. The smaller 
paper was sprayed with ninhydrin solution, and the colour 
was allowed to develop during 48 hr., after which the paper 
was sprayed with a solution of copper acetate (100 mg.) in 
water (6 ml.) and ethanol (94 ml.), and the spots correspond- 
ing to lysine (R, 0-11) and arginine (Ry 0-16) were removed 
for quantitative estimation. 

The larger paper was prepared for electrophoresis as 
follows: molten paraffin wax was applied to a depth of about 
8mm. along the shorter lengths of the paper; holes were 
punched at the centres of the waxed edges and, after spraying 
the paper evenly with 0-033M-acetic acid, it was hung by 
two hooks in a Perspex electrophoresis cabinet with 
0-033M-acetic acid as the conducting solution. Electro- 
phoresis (0-8 ma, at about 260 v, constant current) was 
allowed to proceed for 15 hr., when the paper was removed, 
dried at room temperature and sprayed with ninhydrin 
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solution and the colours were developed in the dark for 
48 hr. 

The ninhydrin colours were converted into their copper 
complexes. The pink spots were cut out, the colour was 
eluted with 80% (w/w) methanol—water (5 ml.) and the 
absorptions were read at 500 mp on a Unicam spectro- 
photometer. 

Standard solutions of the amino acids (0-2 or 0-1%) were 
chromatographed in triplicate, and the colours developed 
and eluted exactly as described above to relate the intensity 
of the colour to the amount of amino acid. The following F 
values were found for 0-01 mg. of amino acid in 5 ml. of 
80% methanol: lysine, 0-045; arginine, 0-062; serine, 0-08; 
aspartic acid, 0-042; glutamic acid, 0-107; tyrosine, 0-037; 
phenylalanine, 0-035; leucine, 0-035. 


Test for the presence of ribonucleotides in 
deoxyribonucleic acid preparations 


DNA preparation (7-5 mg.) was heated in a sealed tube 
with n-HCl (0-05 ml.) for 1 hr. at 100°. A portion (0-01 ml.) 
of this solution was chromatographed on Whatman no. 4 
paper with the solvent system ethyl methyl ketone-acetic 
acid—water (3:1:1, by vol.). 

Ribose, if present, was detected by spraying the paper 
with aniline hydrogen phthalate (Partridge, 1949) and heat- 
ing at 100° for 5 min. 

Examination of the developed, dried paper with a 
Hanovia Detectolite lamp showed a brilliantly blue 
fluorescent spot (2, 0-51) in addition to a number of other 
absorbing spots. A blue fluorescent spot with similar paper- 
chromatographic and ultraviolet-light-absorbing character- 
istics was produced by heating guanine (1 mole) with 
deoxyribose (3 moles) with n-HCl at 100° for 1 hr. This blue 
fluorescent spot had the same R, in the above solvent and in 
a non-acidic one (ethyl methyl ketone-tert.-butanol—-water 
60:25:15) (R, 0-4) as that produced by heating DNA from 
rat liver, calf thymus or herring sperm with n-HCl. The 
nature of the compound is unknown, but adenine, cytosine 
and thymine when heated with deoxyribose in N-HCl at 
100° produced no fluorescent material. The blue fluorescence 
was quenched by ammonia, but the substance was eluted 
with n-HCl, and had A,,,,. 259 mp, Anin, 240 mp. In alkali 
Amax, WaS 235 my and an inflexion appeared at 260 my. 

This fluorescent component is possibly the same as that 
described by Dunn (1955) and by Levy & Snelibaker (1955). 
These authors reported a white fluorescent spot which 
appeared on paper chromatography of a hydrolysate of 
calf-thumus DNA by n-HCl. Dunn was of the opinion that 
the substance was a guanine derivative but reported that 
guanine deoxyriboside did not produce a fluorescent com- 
ponent with n-HCl unless phosphoric acid was present. 


RESULTS 


The compounds that have been tested with rat liver 
are shown in Table 2. 

Absorption of DNA by collagen. The ability of 
some bivalent metal ions to promote the absorption 
of DNA by an insoluble protein was studied by 
measuring the uptake of DNA by collagen which 
had been treated with various metal ions. The 
results are shown in Table 3. 
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Since DNA was so easily liberated from tissues by 
the method described a number of preparations 
have been made from rat liver. The cell nuclei were 
not separated before the extraction. Sodium 
trichloroacetate, sodium p-aminosalicylate and 
sodium benzoate were chosen as salts for the pre- 
paration of homogenates since the first compound 
was a protein precipitant, the second had metal- 
complexing properties, whereas the third was not 


Table 2. 
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known to possess either of these properties but 
produced a very viscous aqueous layer. Sodium 
p-aminosalicylate was used rather than salicylate 
since, after centrifuging, the aqueous layer was 
much clearer and easier to separate from the inter- 
facial insoluble material. This separation proved 
much more difficult with the mixture produced 
from the treatment with sodium benzoate because 
of the high viscosity of the aqueous layer. 


Compounds tested for release of deoxyribonucleic acids 


Rat liver was homogenized with 0-15M-solutions of the above compounds and the homogenate shaken with an equal 
volume of 90% phenol. After centrifuging, the aqueous layer was tested for DNA. A strong Dische colour was produced 
by treatment with the effective compounds; a weaker colour by moderately effective compounds and in these the 


precipitate was less fibrous and the amount variable. 


Anions which were 


Anions which were effective 
m-Aminobenzoate 0-66 M-Chloride 
2-Amino-1-naphthylsulphate 


p-Aminosalicylate Decanoate 
Aurine tricarboxylate Diphenylacetate 
Azide 2-Ethylbutyrate 
Benzoate Gentisate 


p-tert.-Butylbenzoate Hexahydrobenzoate 
Cupferron 


1:2-cycloHexyldiamine-N N N’N’- 


tetracarboxylate 1-Naphthol-4-sulphonate 
Diethyldithiocarbamate 1-Naphthylamino-4-sulphonate 
Diphenate isoNicotinate 
2:6-Dipicolinate Perfluoro-octanoate 
Flavianate Sulphosalicylate 
Fluoride 
3-Hydroxyanthranilate 
Kynurenate 


Methylene disalicylate 

Methyl orange 

Nicotinate 

2-Nitroso-1-naphthol-4-sulphonate 

Orange II 

N-Phenylanthranilate 

2-Phenylphenanthrene-3:2’- 
dicarboxylate 

Phenylphosphate 

Phthalate 

Picolinate 

Quinaldinate 

Quinolinate 

Salicylate 

Sorbate 

Thiocyanate 

Trichloroacetate 
Xanthurenate 


moderatively effective 


0-3 m-Chloride + o-phenanthroline 


m-Hydroxy benzoate 
Naphthalene-2-sulphonate 


Compounds which released no DNA 


Acetate 

Acetylacetone 

Adrenaline 

Ascorbate 

0-3m-Chloride 

Cholate 

Citrate 

Cyanide 

Cysteine 

3:4-Dihydroxy benzoate 

1:8- Dihydroxynaphthalene-3:6- 
disulphonate 

Dihydroxyphenylalanine 

1:2-Dimercaptopropanol 

3:4-Dimercaptotoluene 

NN-Dimethylglycine 

aa’-Dipyridyl - 
Dithio-oxamide 

Ethyl acetoacetate 

Ethylenediamine 

Ethylenediamine-N N N’ N’-tetra-acetate 

Glycerophosphate 

Glycine 

Hexametaphosphate 

Histidine 

p-Hydroxy benzoate 

8-Hydroxyquinoline 

8-Hydroxyquinoline-5-sulphonate 

Kynurenine 

Methylmalonate 

2-Naphthylamine-4:8-disulphonate 
1-Nitroso-2-naphthol- 
3:6-disulphonate 

4-Nitrosoresorcinol 

Orotate 

Oxalate 

Perchlorate 

o-Phenanthroline 

Phosphate 

Proline 

Pyridoxine 
Pyrophosphate 
Riboflavin phosphate 

Salicylaldoxime 
Spermine phosphate 

Tartrate 

Thioacetamide 

Thioglycollate 
Tryptophan 
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Table 3. Absorption of deoxyribonucleic acids by collagen 
Rat-liver DNA Calf-thymus DNA 
A A 
= ‘ c a) 
Original Optical density after DNA left Original Optical density after DNA left 
optical =; ‘ ,  insoln. optical ¢ + in soln. 
density 2 4 7 14 (% after density 2 4 7 14 (% after 
Cation (258 mp) days days duiys days 14 days) 258mp) days days days days 14 days) 
Cu?+ 0-725 0:54 0-495 0-435 0-37 49-9 0-655 0-545 0-455 038 0-31 47-5 
Co?+ 0-725 0-62 0-565 0-535 0-50 67-8 0-655 0-525 0-485 0-45 0-41 62-5 
Fe?+ 0-725 0-67 0-610 0-590 0-53 723 0-655 0-585 055 0-47 0-42 64-9 
Mn?+ 0-725 0-61 0-595 0-505 0-43 58-2 0-655 0-535 048 044 0:39 59-5 
Zn?+ 0-725 0-60 0-555 0-520 0-47 64-5 0-655 0-51 046 043 0-38 58-5 
Nat 0-405 — — 0-417 0-41 100 0-53 — 0517 0-50 93-5 
K+ 0-405 — — 0405 0-405 100 0-53 — — 0-525 0-53 100-0 


Table 4. Analyses and base ratios of deoxyribonucleic acids extracted in different ways 


Preparations were made with: (column a), 0-3M-trichloroacetate; (column b), 0-3M-p-aminosalicylate; (column c), 
0-3m-benzoate. Base ratios are expressed as moles/100 moles of total bases. 


Guanine | 
Adenine 
Cytosine 
Thymine 


(base ratio) 


aes, 


€(p) (258 my) (in 0-1 N-NaCl) 
€p) (258 my) (in water) 
P (atoms/100 moles of total bases) 


After the separation, DNA, RNA and small 
amounts of polysaccharides were present in the 
aqueous layer. Addition of ribonuclease brought 
about the breakdown of RNA, and DNA was 
separated from polysaccharides by extraction with 
2-methoxyethanol from potassium phosphate solu- 
tions, in exactly the same manner as described 
earlier for RNA (Kirby, 19566). To judge from the 
Dische reaction DNA was entirely extracted into 
the organic layer, which was dialysed to remove 
particles of small molecular weight, and the DNA 
was finally precipitated by ethanol. The product 
was shown by hydrolysis to contain amino acids and 
ribonucleotides, and DNA prepared by the sodium 
benzoate method had the highest content of amino 
acids. Treatment with sodium dodecyl sulphate 
made little difference to the amino acid content, 
although there was some loss of material by this 
procedure. The amino acid contant could be con- 
siderably or almost completely removed by in- 
creasing the concentration of the salts used for 
homogenizing from 0:15m to 0:3m. After this 
treatment DNA prepared with the aid of sodium 
benzoate contained approximately 1% of amino 
acids. The use of sodium trichloroacetate reduced 
this content somewhat, and DNA prepared with 
sodium -aminosalicylate contained only the 
faintest traces of amino acids. One difficulty arose 
in that, although it was not possible to detect 
ribonucleotides by the usual colour reaction, 


a b c 
21-1 21:3 22-1 
29-3 29-1 29-5 
20-2 20-1 19-8 
29-6 29-5 28-8 
13-20 11-9 12-5 

8-02 7-24 7-22 

1-64 1-64 1-73 

5900 6340 6580 
7700 8150 8000 
= 97 ae 


hydrolysis of the DNA with N-HCl at 100° for 1 hr. 
followed by paper chromatography of the solution 
showed the presence of ribose. Obviously all the 
ribonucleotides had not been separated by dialysis 
despite the high ionic content. Complete separation 
of the fragments containing ribose was achieved by 
precipitating DNA with 2-ethoxyethanol instead of 
with ethanol. 

Analyses of DNA. The base ratios and other 
analytical figures are shown in Table 4. 

The e», (Chargaff, 1955) value is an indication 
that DNA was not degraded by treatment with 
phenol. The sodium benzoate preparation had a 
slightly higher guanine content than the DNA 
prepared with the aid of the other salts. 

The DNA prepared by the three methods yielded 
varying amounts of amino acids upon hydrolysis, 
and it is probable that these originated from a 
protein or polypeptide firmly bound to the DNA. 
The amino acids have been estimated quantitatively 
to discover if their ratios bore any relationship to 
those found in histones as normally extracted from 
cell nuclei. Because of the large amount of glycine 
produced by decomposition of adenine and guanine 
under the hydrolytic conditions, it was essential to 
have a system that gave a good separation of this 
amino acid from those to be estimated. Paper 
chromatography with ethyl methyl ketone—acetic 
acid—water, followed by paper electrophoresis in 
0-033 m-acetic acid at right angles to the direction of 
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chromatography, was found to be very suitable, and 
a diagram of the amino acids separated by this 
system is shown in Fig. 1. Lysine and arginine were 
estimated after single-way chromatography. Esti- 
mations were made with the coloured ninhydrin— 
copper complexes of the amino acids (cf. Fischer & 
Dérfel, 1953). 

The analytical figures for the amino acids present 
in rat-liver DNA prepared by treatment with 
sodium benzoate (0-3m) are shown in Table 5. The 
molar ratios of the amino acids present in rat-liver 
histone (Brunish, Farley & Luck, 1951) are included 
for comparison. Other amino acids which were also 
detected were valine, methionine, alanine, serine 
and threonine. The glycine spot was large and tended 
to trail into the serine and threonine spots. The 
essential difference between the results and those 
described previously for rat-liver nucleohistone 
was that there was relatively less lysine and 
arginine compared with aspartic and glutamic 
acids. 

Calf-thumus DNA, prepared by the sodium 
dodecyl! sulphate method, has also been hydrolysed 
and the amino acids were separated and estimated. 
The results are shown in Table 6. Although the 
results are probably not of a very high degree of 
accuracy, the amino acids attached to the DNA 
bore little relation to those in calf-thumus histone 





ry 








—+» Chromatography 





—— Electrophoresis 


Fig. 1. Appearance of amino acids after chromatography 
and electrophoresis. 1, Aspartic acid; 2, glutamic acid; 
3, threonine; 4, serine; 5, glycine; 6, alanine; 7, proline; 
8, tyrosine; 9, methionine; 10, valine; 11, phenylalanine; 
12, leucine/isoleucine. 
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(Tristram, 1953), and the relatively high content of 
acidic and basic amino acids was noteworthy. 

The results with herring-sperm DNA _ were 
surprising in that lysine, aspartic acid, glutamic acid 
and phenylalanine were present. These amino 
acids are absent from herring-sperm protamine. The 
results for herring-sperm DNA are shown in Table 7. 

Rat-liver DNA prepared by treatment with 
0-3M-sodium p-aminosalicylate and phenol had 
only traces of amino acids. No ninhydrin colours 
developed before about 40 hr. after spraying, and 
only lysine, arginine, glutamic and aspartic acids 
could be recognized. The amounts were too small to 
measure accurately but indicated about a mole of 
amino acid in a particle weight of 1-2 x 10° DNA. 


Table 5. Amino acid analyses of rat-liver deoxy- 
ribonucleic acids prepared by the use of sodium 
benzoate and phenol 
Amino acids are expressed as a percentage of the DNA. 

Molar ratios were calculated assuming that leucine = 20. 


Molar 


ratios of 


Molar rat-liver 

Amount ratios histone 
Lysine 0-22 9 14 
Arginine 0-14 4 16 
Aspartic acid 0-20 9 9 
Glutamic acid 0-20 8 12 
Tyrosine 0-09 3 5 
Phenylalanine 0-11 4 3 
Leucine/isoleucine 0-43 20 22 


Table 6. Amino acid analyses of calf-thymus 
deoxyribonucleic acids 


Amino acids are expressed as a percentage of the DNA. 
Molar ratios were calculated assuming that leucine =30. 


Molar 
ratios of 
calf- 
Molar thymus 
Amount ratios histone 
Lysine 0-20 29 11 
Arginine 0-10 9 15 
Aspartic acid 0-23 34 7 
Glutamic acid 0-14 20 5 
Phenylalanine 0-01 1 4 
Leucine/isoleucine 0-20 30 30 


Table 7. Amino acid analysis of herring-sperm 
deoxyribonucleic acids 


Results are expressed as a percentage of the DNA. 


Lysine 0-09 
Arginine 0-04 
Aspartic acid 0-03 
Glutamic acid 0-02 
Phenylalanine 0-05 
Leucine/isoleucine 0-20 
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DISCUSSION 


The separation of deoxyribonucleic acids from 
nucleoproteins has been the subject of several 
procedures, and these have been adequately dis- 
cussed previously (Chargaff, 1955; Frick, 1954a, b; 
Jones & Marsh, 1954). A characteristic feature of 
the problem has been the varying degree of difficulty 
with which the DNA is separated from the protein in 
different species. Herring-sperm DNA was split 
quite easily from the protamine by treatment with 
mM-NaCl. This method is not generally applicable 
since, for example, the nucleoprotein of Myco- 
bacterium phlei was unaffected by saturated NaCl 
(Jones & Marsh, 1954). The application of sodium 
dodecyl! sulphate to the separation of DNA (Marko 
& Butler, 1951) was a considerable advance, but 
here again it was much more difficult to obtain 
protein-free DNA from bull testis than from calf 
thymus gland with this method. 

The present study has shown that a considerable 
number of salts may be used in conjunction with 
phenol to liberate DNA from mammalian tissues, 
but the salts were not equally efficacious in remov- 
ing protein. 

Phenol was as essential to the reaction as the salt 
in solution and no DNA was released when phenol 
was replaced by resorcinol or urea (4M), and very 
little when n-butanol or guanidine hydrochloride 
(4M) was used in conjunction with sodium salicylate 
solution. Sodium dodecyl sulphate produced a 
very viscous solution of DNA but cetyltrimethyl- 
ammonium chloride produced none at all. 

The function of the phenol is probably that of a 
protein solveni, in that it extracts protein which 
has been separated by the salt in solution. Denatur- 
ation of the proteins may be incidental to the 
reaction, since the more usual protein denaturants 
urea and guanidine had no effect. The considerable 
power that phenol possesses to extract proteins 
from aqueous solution has been demonstrated by 
Grassmann & Deffner (1953). 

To some extent the activity of the salts is related 
to their ability to interact with proteins. Trichloro- 
acetate, toluenesulphonate, fluoride and_ thio- 
cyanate ions are much more strongly bound by 
albumin than are chloride and perchlorate (Scat- 
chard & Black, 1949), and this difference in binding 
corresponds to the ability of the anions to release 
DNA. Naphthalene-2-sulphonate showed very 
little activity in the DNA test, although this anion 
is normally very strongly bound by proteins 
(Steinhardt, 1941). 1-Naphthol-4-sulphonate was 
not much better but 2-nitroso-1-naphthol-4-sul- 
phonate was very much more effective, and the 
increased activity may be related to the presence of 
a metal-complexing group. Probably most of the 
compounds in Table 2 have some capacity for 
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binding to proteins, although azide ions are gener- 
ally known for their ability to form complexes with 
heavy metals. Diethyldithiocarbamate, which 
forms very stable metal complexes, has a similar 
structure to 2-ethylbutyric acid, and absorption on 
to the protein may be by a similar mechanism, 
although NWN-dimethylglycine, with a similar 
type of structure to diethyldithiocarbamate, had 
no activity under the test conditions. The greater 
effectiveness of diethyldithiocarbamate, compared 
with 2-ethylbutyrate, may be attributed to the 
ability of the former to bind metal ions. Generally, 
non-ionic complexing agents showed no activity, but 
o-phenanthroline in combination with 0-3mM-NaCl 
released a small quantity of DNA. 

The decreased activity of m-hydroxybenzoate 
and inactivity of p-hydroxybenzoate compared 
with salicylate may also be related to the ability of 
the last of these compounds to form metal com- 
plexes. Evidence of the differential interaction of 
isomeric compounds with proteins is somewhat 
contradictory in that o-hydroxyphenylacetate had 
a greater affinity for albumin than the p-compound 
(Luck & Schmidt, 1948), whereas more o-nitro- 
phenol than p-nitrophenol was absorbed by albumin 
(Teresi & Luck, 1948). 

The inactivity of the naphthalene disulphonic 
acids is probably related to the highly charged 
hydrophilic groups at opposite ends of the molecule, 
which could have prevented absorption on the 
nucleoprotein. Orange II was the only disulphonic 
acid with any activity, and this compound pos- 
sessed lipophilic benzeneazo and a potentially com- 
plexing o-hydroxyazo grouping. The dispositions 
of the highly charged groups could also ex- 
plain the decreased activity of sulphosalicylic acid 
compared with salicylic acid, and the inactivity 
of ethylenediaminetetra-acetic acid compared 
with 1:2-diaminocyclohexane-N N N’N’-tetracarb- 
oxylate. 

Direct proof of the presence of metal ions in 
nucleoproteins is difficult to obtain, since nucleo- 
proteins are not easy to characterize and, being 
insoluble, have the capacity for ion exchange. 

That transition-group metals could promote the 
absorption of DNA by an insoluble protein was 
shown by measuring the uptake of DNA by collagen 
which had been treated with various metals. 
Practically no DNA was absorbed by collagen 
treated with Na* or K* ions, but approximately 
30-50 % was absorbed when the collagen had been 
treated with Cu?+, Co?+, Mn?+, Fe?+ or Zn?+ ions. 
The metal ions are almost certainly taken up by the 
carboxylate groups in the protein, and absorption of 
DNA could be due to some extent to a shift in the 
isoelectric point of the collagen,,to bonding of a 
phosphate to a carboxylate grouping through a 
metal ion or to a purine or pyrimidine chelating on to 
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a metal—carboxylate grouping as shown in Fig. 2 
(cf. Wallenfels, 1955). 

Histological evidence was that tissues treated 
with isotonic solutions of some of the salts in 
Table 2, or with phenol, showed no change, but that 
combined treatment always resulted in extraction 
of DNA from rat-liver nuclei. Sections of the testis 
showed that only the vesicular nuclei (spermato- 
gonia, spermatocytes and spermatids) were Feulgen- 
negative, whereas sperm heads remained Feulgen- 
positive. All the DNA was removed from the sperm 
heads when the testis was homogenized ; the sperm 
heads were separated by centrifuging and given a 
longer treatment with the salt solution before the 
addition of the phenol. The sperm heads remained 
intact and cytologically recognizable after treat- 
ment with azide, cupferron or salicylate in con- 
junction with phenol. 

Linkage of a protein to DNA by electrovalent 
bonds only would appear to provide little oppor- 
tunity for specificity in the sequence of amino acids 
in the proteins. If, however, a number of electro- 
valent linkages were to be followed by a co-ordinate 
link of the type shown in Fig. 2 (for example), then 
a much greater specificity of amino acid sequence 
would be required in order to complete the bonding 
along any given polynucleotide chain, and the 
positions of the aspartic and glutamic acid residues 
would be of considerable importance. 

The activities of benzoate and sorbate were note- 
worthy in that these compounds have little, if any, 
complexing abilities. The aqueous layer from the 
extract of liver with benzoate and phenol was much 
more viscous than that from trichloroacetate and 
p-aminosalicylate. This greater viscosity was not 
due to a higher yield of DNA, but was probably 
related to the presence of protein in the DNA pre- 
pared with the aid of benzoate. The protein content 
was higher in this preparation than in those with 
trichloroacetate and p-aminosalicylate, and this 
variation in protein content with the mode of pre- 
paration could well explain the considerable 
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Fig. 2. Possible means by which DNA could form a com- 
plex through a metal with a protein containing aspartic or 
glutamic acid residues. 


variations in the molecular weights reported for 
different samples of DNA. 

Analyses of the protein still attached to the DNA 
showed many similarities to the rat-liver histone 
separated by Brunish e¢ al. (1951), the main 
difference being a decrease in the basic amino acids. 
Hydrolytic experiments on calf-thymus and herring- 
sperm DNA, both prepared by the sodium dodecyl 
sulphate method, have shown protein to be present, 
but here there were few resemblances between these 
amino acids and the composition of the histone and 
protamine respectively. Calf-thymus DNA had 
relatively more basic and acidic amino acids, where- 
as herring-sperm DNA produced, surprisingly, 
amino acids which are not present in herring-sperm 
protamine: lysine, glutamic and aspartic acids and 
phenylalanine. These amino acids must be ex- 
amined in further preparations but these results are 
of considerable significance for the bonding of 
proteins to nucleic acids. 

Proteins of an acidic nature have been extracted 
from nuclei previously. Stedman & Stedman (1943, 
1947) isolated a protein, chromosomin, from nuclei 
of various tissues and found that it was character- 
ized by high proportions of tryptophan and glutamic 
acid. Wang, Mayer & Thomas (1953) extracted fror 
rat-liver nuclei a lipoprotein which was soluble in 
alkali and precipitated by addition of acetic acid. 
They believed the material may have been a portion 
of the nuclear membrane. The ‘residue protein 
fraction’ of Mirsky & Ris (1951) also differed from 
histones, which these authors claimed could be 
removed from the nucleus without altering the 
appearance of the chromosomes. The relationships 
of these proteins to those found firmly bonded to 
DNA in the present work is not clear at the moment, 
but all the evidence points to considerable com- 
plexity in the components of cell nuclei. 

It is clear that when tissues are treated with 
0-15M-salt solution and phenol, a DNA-protein 
complex is liberated, and the same is probably true 
to some extent of the method with sodium dodecyl 
sulphate. The firm binding of this protein moiety, 
the high content of glutamic and aspartic acids and 
the complete removal of these by p-aminosalicylate 
are further indications that the protein is not bound 
to the DNA solely by electrovalent linkages, and 
that bonding of the DNA through a metal attached 
to a carboxylate group could provide an explana- 
tion of the experimental evidence. 

The use of p-aminosalicylate and phenol has a 
number of advantages for the preparation of DNA 
from rat liver. It is not necessary to isolate cell 
nuclei, a procedure that must involve some losses, 
deoxyribonucleases are probably inactivated in a 
manner similar to that for ribonuclease and the 
yield is good. Ribonucleotides and amino acids are 
completely absent from the product, and the «p 
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value is an indication that the DNA is no further 
degraded than by other methods of isolation. 

Whatever the explanation of the differential 
release of RNA and DNA from tissues, the fact that 
no DNA is released until certain salts are present 
before the phenol is added suggests a fundamentally 
different type of bonding between each nucleic acid 
and its respective protein. It is suggested that 
RNA is bound mainly by hydrogen bonds between 
the bases and the proteins, whereas DNA is bound 
by electrovalent and possibly co-ordinated metal 
linkages. 

The actions of ribonuclease and deoxyribo- 
nuclease on RNA and DNA is an indication of 
a difference in the interaction of the nucleic acids 
with proteins. Ribonuclease acts directly upon its 
substrate whereas deoxyribonuclease has no activity 
upon DNA until activated by bivalent cations, the 
most active of these being Mg*+, Mn?+, Fe?+ and 
Co*+ ions (Schmidt, 1955). 

The liberation of DNA by reaction with a salt 
(particularly sorbate and decanoate) and phenol 
has an interesting correlation with work on the 
bacteriophage. Jesaitis & Goebel (1955) have 
recently reported that the DNA of T, bacteriophage 
of phase II Shigella sonnei was liberated by a 
specific lipocarbohydrate present in the host. The 
lipocarbohydrate was fractionated into a lipid 
cofactor, which is probably palmitic acid, and an 
extracted lipocarbohydrate. Neither the lipid 
cofactor nor the extracted lipocarbohydrate alone 
released DNA from the bacteriophage by combined 
treatment, nor did addition of palmitic acid to the 
extracted lipocarbohydrate bring about release of 
DNA. 

Linkage of DNA to a protein through metal ions 
(Ca?+ or Mg?+ ions) has been suggested previously 
by Mazia (1954) and Levine (1955) for Drosophila 
melanogaster, and by Steffenson (1955) for Trades- 
cantia, mainly from genetic evidence. Hyde (1955) 
has commented on the action of ethylenediamine- 
tetra-acetate in the presence of CaCl, and MgCl, on 
onion-root tip and Vicia faba chromosomes, and 
Eversol & Tatum (1956) have noted that ethylene- 
diaminetetra-acetate or manganous chloride in- 
creased the frequency of crossing over of mutant 
strains of Chlamydomonas reinhardi. The motility of 
starfish sperm was increased by ethylenediamine- 
tetra-acetate and also by Ni?+ and Co?* ions (Metz & 
Birky, 1955), and Parizek (1956) showed that a 
nutritional deficiency of Zn?+ ion caused injury to 
the testis. Mann (1945) analysed ram spermatozoa 
and showed that iron, copper and zine were present 
in greater amounts in the sperm heads than in the 
mid-pieces and tails. White (1955) had published 
the spermicidal activities of a number of chelating 
agents, and among the more active compounds of 
those tested were cupferron, sodium diethyldithio- 
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carbamate, 1-nitroso-2-naphthol and o-phenan- 
throline. 1-Nitroso-2-naphthol-3:6-disulphonic acid, 
thioglycollic acid, 1:8-dihydroxynaphthalene-3:6- 
disulphonic acid and ««’-dipyridyl were among the 
ineffective compounds. Although the motility of 
spermatozoa may not be directly related to the 
bonding of DNA to proteins, there is an interesting 
parallel, if not a complete correlation, in the 
activities of the compounds tested. 


SUMMARY 


1. Deoxyribonucleic acids (DNA) can be liber- 
ated from mammalian tissues by the action of 
certain salt solutions and phenol. Neither alone 
effected the release of DNA. The effective anions 
have strong interactions with proteins or the 
ability to form metal complexes. 

2. DNA can be freed completely from ribonucleic 
acids (RNA) by treatment with ribonuclease and 
precipitation with 2-ethoxyethanol. 

3. DNA can be freed completely from protein by 
the use of p-aminosalicylate and phenol and this has 
been developed into a preparative method yielding 
DNA with «,, value 6340. 

4. The amino acids which remain bound to rat- 
liver DNA prepared with sodium benzoate bore 
some similarities to those in rat-liver histone, but 
fewer basic amino acids were present. 

5. Calf-thymus DNA and herring-sperm DNA 
prepared with the use of sodium dodecyl sulphate 
had considerably different ratios of amino acids 
from those present in their respective histone and 
protamine. 

6. DNA was absorbed by collagen treated with 
Cu?+, Co?+, Fe?+, Mn?+ and Zn?+ ions but not by 
collagen treated with Na* or K* ions. 
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Studies with “N-Labelled Nitrogen Mustards. The Combination of 
Di-2-(Chloroethyl)methylamine with Proteins 
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(Received 6 June 1956) 


Much evidence is available that the nitrogen 
mustards readily react with various enzymes and 
other proteins. For example, hexokinase (Dixon & 
Needham, 1946), cholinesterase (Thompson, 1947; 
Adams & Thompson, 1948) and choline oxidase and 
choline acetylase (Barron, Bartlett & Miller, 1948) 
are strongly inhibited by di-(2-chloroethyl)methyl- 
amine (NM), and although this enzyme-inhibitory 
capacity is fairly specific, NM reacts with many 
widely differing proteins. It effects a slight but 
significant change in the immunological properties 
of the serum proteins and ovalbumin (Watkins & 
Wormall, 1952a), and it rapidly inactivates 
haemolytic complement (Watkins & Wormall, 
1948, 19526), a complex serum system which con- 
sists of four components which are largely or entirely 
of protein nature. Furthermore, there is evidence of 
a cross-linking effect when NM is allowed to act on 
proteins, and it has been shown that in the nitrogen- 
mustard series the presence of two halogenoalkyl! 
groups is needed for marked biological activity 
(Haddow, Kon & Ross, 1948; cf. also Goldacre, 
Loveless & Ross, 1949; Haddow, 1949). 


No precise information has yet been obtained 
about the nature of the particular protein groups 
whose reaction with NM causes inactivation of 
enzymes or changes in the immunological properties 
of proteins, but it has been shown that NM reacts 
with amino, carboxyl, sulphydryl and sulphide 
groups of proteins (see, for example, Fruton, Stein & 
Bergmann, 1946, and the reviews by Gilman & 
Philips, 1946; Boyland, 1948; Philips, 1950; Ross, 
1953; Alexander, 1954). NM has a marked alkylat- 
ing capacity towards the amino and carboxyl 
groups of proteins (see Loveless, 1951; Ross, 
1953). 

Evidence of a change in certain characteristic or 
functional groups of a protein after its exposure to 
NM does not, however, necessarily establish that 
firm combination of the vesicant with the protein 
has occurred, nor does the measurement of the 
resulting decrease in the free amino and sulphydryl 
groups of the protein afford precise quantitative 
evidence about the condensation of NM and protein 
molecules. The reaction between sulphur mustards 
and proteins has been studied quantitatively with 
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358 as tracer (Banks, Boursnell, Francis, Hopwood 
& Wormall, 1946), and by analogy it has often been 
assumed that the nitrogen mustards react similarly, 
with the production of fairly stable NM-—protein 
complexes. However, it has not been established 
that the nitrogen and sulphur mustards both react 
with proteins in the same way, and indeed there is 
evidence that the two reactions show significant 
differences. 

Since quantitative data on the interaction of 
NM and proteins is scanty, we decided to study 
this reaction with isotopically labelled nitrogen 
mustards. In the experiments described in this 
paper, NM labelled with “N has been prepared and 
used for studies of its action on various proteins. 
The chief objects of these investigations were to 
determine whether the inactivation of some 
enzymes and the decrease in certain functional 
protein groups which occur when NM acts on 
proteins is associated with the firm binding of NM 
to the protein, and to investigate the stability of 
any NM-protein complexes formed. With this 
quantitative technique the speed of the reaction 
between NM and proteins at 37° and pH 7:4 has also 
been studied, since this is important in connexion 
with the clinical use of NM in the treatment of some 
neoplastic diseases. 

The work described in this paper forms part of 
a quantitative study, with isotopically labelled 
nitrogen mustards, of the fate of NM after its 
intravenous injection into the animal body. A short 
account of part of the investigations described here 
has already been presented (Burnop, Richards, 
Watkins & Wormall, 1951; Burnop, Richards & 
Wermall, 1952). 


MATERIALS 


Di-(2-chloroethyl)methylamine labelled with ™N. This 
compound was synthesized by the following stages from 
potassium [!5N phthalimide. 

[*N]Methylamine hydrochloride. This compound was 
prepared as described by Cox & Warne (1951). Potassium 
[*N]phthalimide (10 g.) was placed in the larger arm of the 
reaction vessel, the neck of which was then constricted. The 
vessel was pumped out on a vacuum manifold, the potas- 
sium phthalimide was heated in an oil bath at 200° until the 
pressure gauge indicated that evolution of gases had ceased 
and then cooled. Methyl iodide (5 ml.) dried in vacuo over 
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P.O, was distilled in vacuo into the smaller arm of the 
reaction vessel, which was sealed off at the constriction and 
removed from the vacuum manifold. The arm containing the 
potassium phthalimide was heated in an oil bath at 200° 
and the progress of the reaction followed by observing the 
level of the methyl iodide. The reaction had virtually ceased 
after 3 hr., but the heating was continued for a further 3 hr. 
(In some trial runs it was found that there was a latent 
period of up to 6 hr. before the reaction commenced, but 
with carefully dried reagents the reaction started as soon as 
the temperature was raised.) The cooled reaction vessel was 
opened and the N-methyl phthalimide which had sublimed 
into the top of the vessel was scraped out and transferred to 
a 200 ml. flask. The product (9 g.; theory, 8-7) appeared to 
contain a little absorbed methyl iodide. It was refluxed for 
Shr. with a mixture of water (50 ml.) and conc. HCl 
(50 ml.) and kept overnight at about 4°. Phthalic acid was 
filtered off and washed with a little conc. HCl, and the 
combined filtrate and washings were evaporated to small 
bulk under reduced pressure. The concentrated solution was 
filtered again and evaporated to dryness in vacuo, giving 
3-42 g. of residue. (Theoretical yield of methylamine 
hydrochloride, 3-65 g.) 

Di-(2-hydroxyethyl)methylamine. The methylamine hydro- 
chloride was placed in a flask connected to a head fitted with 
dropping funnel and vertical condenser for distillation. The 
methylamine hydrochloride was dissolved in water (about 
10 ml.) and 30% NaOH (10 ml.) was dropped slowly into 
the boiling solution. The water and methylamine were 
collected in a large boiling tube (cooled in ice) originally 
containing 2 ml. of water to cover the end of the condenser, 
and about 10 ml. of distillate was collected. Liquid ethylene 
oxide (3 ml.) was measured out at 0° in a small test tube, and 
allowed to evaporate slowly into the stirred methylamine 
solution, cooled in ice. [Abrams, Barker, Jones, Vallender & 
Woodward (1949) in a large-scale preparation of di-(2- 
hydroxyethyl)methylamine found that unless the methyl- 
amine was in excess the product contained ethers such 
as HO-CH,*CH,*N(CH,)*CH,*CH,*O°CH,*CH,°OH. Al- 
though the use of excess of [1°N methylamine diminishes the 
overall isotopic yield, we adopted this plan, only 70 % of the 
theoretical amount of ethylene oxide being used.] 

The solution was kept overnight and then distilled, the 
lower-boiling fractions being removed under reduced 
pressure (water pump) with a bath temperature up to 100°. 
The viscous residue was then distilled at 5 mm. pressure, 
yielding 3-18 g. of distillate, representing a 49 % yield of di- 
(2-hydroxyethyl)methylamine from the phthalimide. 

Di-(2-chloroethyl)methylamine hydrochloride. The above 
diol was dissolved in trichloroethylene (5 ml.) and run slowly 
into a gently boiling mixture of thionyl chloride (5 ml.) and 
trichloroethylene (15 ml.). The mixture was refluxed for 
15 min., and cooled to room temp. ; the solvent was removed 


cl 
= H,C-™NH,,HCl 
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in vacuo and the dry crystalline residue was recrystallized 
from acetone. The resulting NM-HCl (3-66 g., containing 
33 atoms % of ®N and representing a 36% yield based on 
the phthalimide) had m.p. 109°. The mother liquors were 
treated with 1 g. of NM-HCl of normal 15N content, and on 
concentration a further crop of NM-HCl (1-36 g., 2-54% 
based on phthalimide) was obtained, which contained 
6-17 atoms % of ®N. 

In trial runs with materials containing normal abundance 
of ®N, the NM-HCI obtained was identified by mixed m.p. 
with authentic material prepared from compounds of 
normal isotope abundance by the method of Hanby & 
Rydon (1947), and by conversion into the picrate (m.p. 
133°). 

Proteins 


Ovalbumin. Hen ovalbumin was prepared by (NH,),SO, 
precipitation, and recrystallized three times (Cole, 1933). 
For one experiment the ovalbumin was prepared by pre- 
cipitation with saturated Na,SO, solution, and recrystallized 
three times (Kekwick & Cannan, 1936). 

Bovine-plasma albumin. Crystallized bovine-plasma 
albumin was used (Armour Laboratories: fraction V). 

Pepsin (crystalline). This was supplied by Armour 
Laboratories. 

Zein and gliadin. Samples of these proteins were kindly 
supplied by Professor A. C. Chibnall. 

Casein. ‘Acetic acid precipitated casein’ (British Drug 
Houses Ltd.) was used. 

Protamine sulphate. This was obtained from L. Light and 
Co. Ltd. 

Horse-serum y-globulins. These were separated from horse 
serum as described by Kekwick (1940) and were repre- 
cipitated once with 12% Na.SO,. 

Rabbit-serum proteins. Freshly separated whole rabbit 
serum. 

Haemoglobin. This was prepared from horse blood as 
described by Dudley & Lovatt-Evans (1921). 

Acetylated proteins. Proteins were acetylated as described 
by Fraenkel-Conrat, Bean & Lineweaver (1949), but less 
acetic anhydride was used than was recommended by these 
authors (about 0-7 compared with 1-2—2-4 ml./g. of protein). 
To 25 ml. of protein solution (approx. 6%) 10 g. of sodium 
acetate was added and the solution was diluted with water to 
30 ml. The bulk of this solution (25 ml.) was cooled in ice and 
acetic anhydride (0-9 ml.) was added with constant slow 
stirring. The acetylated protein solution was dialysed 
against running tap-water overnight and then against 
distilled water to remove as much acetate as possible. 

Buffer solutions. Various buffers were used, the choice 
depending on the nature of the experiment. When a wide 
range of pH was to be covered, with constancy in the buffer- 
salt concentration, Universal buffer (buffer solution §,, 
Baird and Tatlock) was used. This solution is prepared by 
adding sodium hydroxide solution to diethylbarbituric acid 
(Johnson & Lindsay, 1939). NaHCO,-H,CO, buffer solu- 
tions were made by passing CO, into 0-75mM-NaHCO, until 
the solution had a pH of about 7-4. NaH,PO,-Na,HPO, 
buffers were prepared according to Sorenson (1912) and 
acetate buffers as described by Walpole (1914). 


METHODS 


Formation of NM-protein complexes. The following 
general method was used for the preparation of nitrogen 


mustard-treated proteins (NM-proteins). The protein 
solution was treated with either 0-1 N-NaOH or 0-1 N-HCl to 
bring it to the required pH, and buffer solution of the same 
pH was added. The NM was then added, either as the solid 
hydrochloride or as a freshly prepared solution of this salt 
in 0-9% (w/v) NaCl, or water, and the mixture was kept at 
37° for 2hr. with occasional shaking, then at about 4° 
overnight, and the pH of the mixture was checked with a 
glass electrode. The NM-protein complexes in these solu- 
tions were then freed from NM and its hydrolysis products 
either by precipitation with 4 vol. of methanol or by pro- 
longed dialysis against frequent changes of 0-9 % NaCl. The 
methanol-precipitated complexes were washed four times 
with 1 vol. of methanol and then dried in vacuo over H,S0,. 

Total nitrogen and *N determinations. These were made as 
described by Francis, Mulligan & Wormall (1954). The ratio 
15N:144N was determined on a Consolidated Nier isotope 
ratio mass spectrometer, Model 21-201, and a correction 
was made for the percentage of air present in the sample. 
Samples containing more than 5% of air were rejected. 

Amino-nitrogen determinations. Excess of neutralized 
20% formaldehyde solution was added to the neutralized 
sample (pH 7) and the amino N was calculated from the 
amount of 0-05n-NaOH required to bring this mixture to 
pH 9 (assessed with phenolphthalein). 

Molecular ratio calculations. In calculating the molecular 
ratios the following molecular weights have been used: 
ovalbumin, 40500 (Pederson, 1943); bovine-plasma 
albumin, 70000 (Adair, 1925); casein, 33600 (Burk & 
Greenberg, 1930); gliadin, 27000 (Krejci & Svedberg, 
1935); zein, 40000 (Watson, Arrhenius & Williams, 1936); 
pepsin, 37000 (Philpot & Eriksson-Quensel, 1933); horse 
haemoglobin, 67000 (Svedberg & Fahraeus, 1926); horse 
y-gobulins, 167000 (Svedberg, 1937); an arbitrary mean 
molecular weight of 100 000 was used for the mixed serum 
proteins. An N content of 16-0% was assumed for all the 
proteins studied. The nitrogen-mustard contents of the 
NM-protein complexes are expressed as moles of NM/mole 
of protein; this method of recording the results was found 
most satisfactory in view of the appreciable and varying 
amounts of inorganic salts present in the methanol-pre- 
cipitated complexes. 

Since NM-HCI is very hygroscopic, it was found more 
satisfactory to determine the relative amounts of NM and 
protein used from the 5N content of the initial mixture than 
from the weights of NM and protein used. 


RESULTS 
Combination of NM with proteins 


Effect of varying amounts of NM on its combination 
with ovalbumin and plasma albumin. Following our 
observations that NM is capable of combining 
firmly with various proteins (Burnop et al. 1951) we 
decided to study its combination with ovalbumin 
and plasma albumin by the use of widely varying 
relative amounts of NM. 

The results of these experiments (Figs. 1, 2) 
showed that with an increase in the amount of NM 
used, in relation to the protein, there is an increase 
in the amount which is bound in both proteins. With 
ovalbumin, a maximum combination is obtained of 
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about 5 moles of NM/mole of protein for the com- 
plexes precipitated by methanol. The majority of 
these bound nitrogen-mustard groups are firmly 
bound to the ovalbumin, and prolonged dialysis 
removes only one-fifth to one-third. 

The results with plasma albumin are similar to 
those obtained with ovalbumin, but with relatively 
large amounts of NM the amount of vesicant com- 
bining is slightly greater. These complexes con- 
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Fig. 1. Combination of nitrogen mustard (NM) with 
ovalbumin in phosphate buffer, pH 7-4. Ovalbumin 
solution, 10 ml. containing 240-940 mg. of protein; 
0-5m-phosphate buffer, 3 ml., or 6 ml. with quantities of 
NM-HCI greater than 40 mg.; NM-HCl, 8-154 mg. The 
mixtures were kept at 37° for 2 hr. and overnight at 0-4°. 
O, Methanol-precipitated products; A, products ob- 
tained by dialysis against 0-9% NaCl at 0-4° for 96 hr. 
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Fig. 2. Combination of NM with bovine-plasma albumin in 
phosphate buffer, pH 7-4. Bovine albumin, 200 mg. in 
3ml. of 0:9% NaCl; 0-5m-phosphate buffer, 3 ml.; 
NM-HCI, 1-7-11-0 mg. ©, Methanol-precipitated pro- 
ducts; A, dialysed products. 
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tained less loosely attached NM than did the NM-— 
ovalbumin complexes, and in some as much as 90 % 
of the NM present in the precipitated NM—albumin 
complexes was not removable by long dialysis. 

Combination of NM with different proteins. 
Experiments were carried out to determine the 
capacity of various widely differing proteins to 
combine firmly with NM. It was not possible to 
obtain precisely the same experimental conditions 
in all cases, but the general object in most of the 
experiments was to use an NM:protein molecular 
ratio of 4-5 and to carry out the reaction at about 
pH 7-4. With some proteins additional tests were 
made at other pH values, and also with much 
higher NM: protein molecular ratios, so that some 
idea might be obtained about the maximum 
capacity of these proteins to bind NM. 

The reactions were carried out as for NM-— 
ovalbumin and NM-plasma albumin, with slight 
modifications to deal with solubility properties of 
some of the proteins. In a few cases (noted below) 
the complexes could not be precipitated by meth- 
anol or similar solvents, and the analyses had to be 
carried out on the dialysed NM-—protein solutions, 
or as otherwise stated. 

The results of these experiments (Table 1) show 
that all the widely differing proteins tested react 
readily with NM at pH 7-8 to form complexes in 
which the NM is firmly bound. At pH 4-1 only a 
small amount of NM combines with pepsin, this 
result being very similar to those obtained with 
ovalbumin and plasma albumin at pH 4 (see below). 
Where the reactions were studied under similar 
conditions (at pH 7-4, with amounts of NM used 
equivalent to an NM:protein molecular ratio of 
about 4 or 5 and with the NM-—protein complexes 
precipitated by methanol) these complexes usually 
contained an average of 1-5—2-5 moles of NM/mole 
of protein ; slightly higher values were obtained with 
pepsin and lower values with protamine. Where both 
the methanol-precipitated and the dialysed NM-— 
complexes of any one protein were examined, the 
NM contents of the latter were usually appreciably 
lower than those of the former, but occasionally 
there was little or no difference. When large excesses 
of NM were used, the amount of vesicant bound to 
ovalbumin, plasma albumin and serum globulin was 
5-6 moles/mole of protein in the methanol-pre- 
cipitated products. 

Combination of ovalbumin with hydrolysed NM. 
The nitrogen mustards have been shown (Golumbic, 
Stahmann & Bergmann, 1946; Hanby & Rydon, 
1947) to undergo a series of reactions in aqueous 
solution which lead to the formation of various 
products, solutions of which have an acute 
convulsive effect and remain toxic indefinitely 
(Boyland, 1946; Anslow, Karnovsky, Jager & 
Smith, 1947). It was therefore decided to study the 
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Table 1. Combination of di-(2-chloroethyl)methylamine (NM) with various proteins 


Protein solutions: ovalbumin, protamine, plasma albumin, haemoglobin and y-globulins, 1-2% solutions in water or 
0-9% NaCl plus phosphate buffer (pH 7-4; 0-1-0-2m); serum proteins, undiluted rabbit serum; casein, solution in 0-9% 
NaCl (pH 8-5) adjusted to pH 7-4 with 0-1N-HCl, centrifuged, and mixed with phosphate buffer (final conen.: protein 4%, 
buffer 0-1m); pepsin, 2% solution in water plus phosphate buffer (pH 7-4, 0-024M) or acetate buffer (pH 4-1, 0-4m); 
gliadin and zein, 3% solutions in ethanol—water (7:3) mixed with 0-4 vol. of Universal buffer (pH 8). Reaction with NM. 
NM-HCI was added in the quantities shown in the Table, either as solid or in solution in water or ethanol—water (7:3) 
(zein and gliadin). Drops of 0-1N-NaOH were added as required (protamine) to keep the mixture at approximately con- 
stant pH. ‘Purification’ of products: NM-gliadin and NM-zein could not be ‘purified’ by precipitation with water or 
acetone, and analyses were carried out only on the dialysed products. The preparation of NM—pepsin at pH 7-4 could not 
be precipitated by methanol or ethanol, and was isolated by evaporating the solvent in vacuo, grinding the residue with 
acetone to remove NM and its hydrolysis products, and drying in vacuo. All other preparations were ‘purified’ by meth- 
anol precipitation and by dialysis. pH Measurements. The pH values in this Table are those recorded by glass-electrode 
measurements on samples of the mixtures at the end of the reaction, with corrections applied to experiments with zein and 
gliadin. 

Molecular ratio (NM: protein) 





Precipitated §Dialysed 

Protein pH Mixture complex complex 
Ovalbumin 7-4 4-0 2-3 1-0 
4 23-2 5-0 3-7 
Casein 7-4 4-2 2-5 23 
Protamine about 7* 5-0 1-2 1-2 
Serum proteins (rabbit) 7-5 7-0 55 4-6 
Pepsin 7-4 4-5 3-3 2-6 
4-1 5-0 0-3 0:3 
Bovine-plasma albumin 7-4 4-0 1-6 1:3 
7-4 24-0 5-9 | 
Haemoglobin (horse) 7-2 3-4 1-7 1-0 
7-0 15-3 7-2 4-1 
y-Globulins (horse serum) 7-4 7-9 1-1 0-5 
7-0 52 5-1 3-7 
Zein about 8f 4:8 15 
about 8t 5-2 — 1-2 
Gliadin about 8+ 3:7 — 1-1 
about 8f 50 — 15 


* pH varied during the reaction. 
{ Measured values were about 7-5 but are recorded as ‘about 8’ since pH meter readings in dilute ethanol are about 0:5 
unit below the actual values (Mizutani, 1925; Albert & Goldacre, 1943). 


combination of the hydrolysis products of NM 
with ovalbumin during the various stages of the 
hydrolysis in aqueous solution. 


Table 2. Combination of ‘hydrolysed’ 
di-(2-chloroethyl)methylamine with ovalbumin 





A solution of NM in 0-25m-phosphate buffer 
(pH 7-4) containing 0-63 mg. of NM-HCl/ml. was 
prepared and kept at about 20°; samples (7-5 ml.) 
were removed at intervals and immediately added 
to ovalbumin solution (50 mg./ml. in dilute phos- 
phate buffer) to give a molecular ratio of 4-9 moles 
of NM/mole of protein. The mixtures were kept at 
37° for 2 hr. and the NM-proteins were then pre- 
cipitated with methanol. 

The results (Table 2) showed that when NM 
hydrolyses in aqueous solution its capacity to 
combine with ovalbumin is lost only very slowly. In 
fact, if the vesicant solution is kept for 30-60 min. 
before it is added to the protein, there is often a 
significant increase in the amount of NM (or its 
hydrolysis products) combining firmly with the 


NM was dissolved in phosphate buffer, pH 7-4, and after 
being kept at 20° for the times stated, samples of this 
solution (equivalent to 4-9 moles of NM/mole of protein) 
were added to ovalbumin solutions; the NM-—protein com- 
plexes were precipitated with methanol after 2 hr. at 37°. 


Nitrogen-mustard 
content of the 


precipitated 
Period of NM-ovalbumin 
hydrolysis complex 
of NM (mole of NM/mole 

(hr.) of ovalbumin) 

0 0-80 

0-25 0-82 

0-50 0-92 

1-0 0-86 

2 0-76 

4 0-66 
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protein. In a further experiment it was shown that 
when kept for 7 days at 18°, NM solutions retain 
over half their original capacity to combine with 
ovalbumin. 

Combination of NM with acetylated proteins. 
Experiments have been carried out to determine 
whether there is any reduction in the capacity of 
plasma albumin (or ovalbumin) to react with NM 
when the protein is acetylated. The reaction of NM 
with these proteins has been studied over the pH 
range 3-10. 

In a typical experiment acetylated bovine- 
plasma albumin solution (4 ml. containing 116 mg. 
of protein, in which 47 % of the free amino groups 
of the original protein had been blocked) was mixed 
with Universal buffer solution (4 ml.) of about the 
required pH and 0-9% NaCl (3ml.). Similar 
solutions of bovine-plasma albumin, treated with 
sodium acetate equivalent in amount to that used 
in the acetylation process, and dialysed for the same 
time as the acetylated proteins, were used as con- 
trols. NM-HCI (1-13 mg. in 1 ml. of water, i.e. about 
4-9 moles of NM/mole of protein) was added and the 
mixtures were kept for 2 hr. at 37° and overnight at 
0-4°, after which samples of the mixtures were 
dialysed against 0-9% NaCl. The acetylated 
proteins gave a small amount of precipitate during 
the treatment with NM at 37° and also during any 
subsequent dialysis to remove unchanged NM or its 
hydrolysis products; these precipitates were re- 
moved by centrifuging. The pH of the protein— 
buffer mixture was determined, by glass electrode, 
before the NM was added and also at the end of the 
reaction. No eS wea ath in the pH of the 
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Fig. 3. Combination of bovine-plasma albumin (A) and 
acetylated bovine-plasma albumin (O) with NM. The 
NM-protein complexes were dialysed against 0-9% NaCl. 
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mixtures occurred during the reaction, except in the 
most alkaline solution, where the pH fell from 10-6 
to 9-6, the latter figure being used for the results 
recorded in Fig. 3. 

These results showed that over the pH range 5-8 
the acetylated protein combines with appreciably 
more NM than did the original plasma albumin. At 
pH 10, however, the non-acetylated protein showed 
the higher capacity for binding NM (85% of the 
added NM, compared with 60% bound by the 
acetylated albumin), and many other experiments 
have confirmed this observation that when plasma 
albumin is acetylated it loses part of its capacity to 
react with NM over the pH range 8-5-10. (In all 
experiments made at about pH 7-4, however, 
acetylated plasma albumin combined with more 
NM than did the original protein.) 

In other experiments with ovalbumin similar 
results have been obtained. For example, acetyl- 
ation of this protein with the blocking of 60 % of the 
free amino groups led to a very marked increase in 
the capacity of the protein to combine with NM 
at about pH 7-4, the complexes precipitated by 
methanol containing 3-6 and 2-3 moles of NM/mole 
of protein for the acetylated and original proteins 
respectively. 

Speed of the reaction. In all the experiments 
described above the NM was allowed to act for 2 hr. 
on the protein before the unchanged NM and its 
hydrolysis products were removed by dialysis or by 
adding methanol. It was realized, however, that the 
reaction between the vesicant and proteins is quite 
rapid (cf. Watkins & Wormall, 19524, b), and since 
the speed of the reaction is of interest in connexion 
with the distribution of the drug after intravenous 
injection it was decided to study the rate at which 
added NM becomes firmly attached to the protein 
molecule. Ovalbumin was used as the protein in 
these experiments, in order that a reliable estimate 
could be made of the molecular ratio of NM: protein 
in the ‘purified’ product. 

Inapreliminary experiment, an NM: protein mole- 
cular ratio of 12:1 being used, the NM-HCl (24 mg.) 
was dissolved in 0-5m-phosphate buffer (pH 7-4, 
6 ml.) and added immediately to 20 ml. of ovalbumin 
solution containing 382 mg. of protein. The mixture 
was well shaken and kept at 18°. The NM-ovalbumin 
complexes were precipitated by methanol from 5 ml. 
samples of the mixture at intervals. 

The results showed that the combination of the 
vesicant with the protein had practically reached a 
maximum in 15 min., the value then being 4-08 
moles compared with 4-16 moles/mole of protein at 
the end of 60 min. After the first hour there was no 
significant increase in the amount of NM bound to 
the protein, and the complexes separated from the 
mixture after 24 hr. contained only 3-48 moles of 
NM/mole of ovalbumin. 
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A second experiment was carried out with a 
smaller NM: protein ratio (4-9:1) in which the NM- 
HCl was added directly to a solution of ovalbumin in 
phosphate buffer (pH 7-4) and samples were re- 
moved at frequent intervals, as shown in Table 3. 

The results of this experiment showed that 
appreciable amounts of NM combine with proteins 
immediately after the mixing of the reagents. 
Under the conditions of this experiment maximum 
combination occurred in about | hr., but nearly half 
this maximum was reached in about 2 min. Of the 
NM which was firmly bound to the protein after 
1 hr. about one-quarter became dissociable when the 
reaction was allowed to proceed for a further 23 hr., 
but no significant additional loss of bound NM 
occurred when the mixtures were kept for a further 
3 days at 20°. 

Although the reaction between NM and oval- 
bumin is essentially complete in 1 hr., this might not 
be true for the reaction with other proteins. It was 
decided therefore, as a general rule in the investiga- 
tions described here, to allow the vesicant and the 
proteins to react for 2 hr. before separating the 
NM-protein complexes. 

Effect of pH on the reaction. Ovalbumin and 
bovine-plasma albumin solutions were treated with 
0-1n-NaOH or 0-1N-HCl to bring them to the 
required pH, mixed with Universal buffer solution 
of the same pH and treated with NM-HCl (3-6 moles 
of NM/mole of protein). After allowing the reaction 
to proceed for 2 hr. at 37° and overnight at 0—4° the 
pH of the solutions was checked with a glass 
electrode and the reaction products were separated 
by methanol precipitation. The pH values recorded 
in Figs. 4 and 5 are the values determined at the end 
of the reaction, since an appreciable fall in pH had 





Table 3. Rate of reaction of nitrogen mustard 
di-(2-chloroethyl)methylamine with ovalbumin 


NM was added to the ovalbumin solution (4-9 moles of 
NM/mole of protein) at pH 7-4 and 20°, and the NM- 
complexes were precipitated by adding methanol to 
samples withdrawn at intervals. 


Composition of 


precipitated 
complexes 
Time after (mole of NM/mole 
adding NM of ovalbumin) 
0 0-39 
2 min. 0-60 
5 min. 0-81 
7 min. 0-88 
10 min. 0-91 
15 min. 1-01 
30 min. 1-06 
1 hr. 1-33 
2 hr. 1-24 
6-5 hr. 1-16 
24 hr. 1-01 
92 hr. 0-98 
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occurred in the more alkaline solutions during the 
reaction (a fall of 1-2 units for solutions initially at 
pH 8-11). 

The results (Figs. 4, 5) show that there is little or 
no combination of NM with either protein below 
pH 4, but above pH 5 the amount combining in. 
creases rapidly with rise of pH. About two-thirds 
of the added NM was bound to ovalbumin and 87 % 
to plasma albumin, at pH 9. 








e 

E 

=] 

2 

6 257 

re) 

: p 
£ 20h je) 
> / 

2 O 

0 45+ / 

2 

2 9 

3 10 oO 

4 a 

& O 

re) 

“as i 

$ 2 

° 

ny 0 OO n l = 
ie) 4 6 8 10 
U pH 


Fig. 4. Effect of pH on the combination of NM with 
ovalbumin. Ovalbumin (260 mg. in 2 ml. of solution) 
plus 3 ml. of buffer (Baird and Tatlock S,, see text) plus 
4-7 mg. of NM-HCl in 1 ml. of freshly prepared solution. 
Reaction occurred for 2 hr. at 37° and overnight at 0-4°. 
Products were precipitated with methanol. 
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Fig. 5. Combination of NM and bovine-plasma albumin at 
various pH values. The NM-—protein complexes were pre- 
cipitated by methanol. Experimental details are as for 
Fig. 4, but 4 ml. of buffer was used. 
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Effect of phosphate. Phosphate has been found to 
have a marked effect on the action of sulphur 
mustard on proteins, with phosphate groups 
entering the final mustard gas—protein complexes 
(Fleming, Moore & Butler, 1949). Although the 
addition of phosphate does not lead to any increase 
in the relatively slight serological changes which 
antigenic proteins undergo when they are treated 
with NM (Watkins & Wormall, 19524), this does not 
exclude the possibility that phosphate might affect 
the amount of NM which can combine with a 
protein. A comparison was therefore made of the 
relative effects of phosphate and bicarbonate when 
used as buffers in the reaction between NM and 
ovalbumin. 

A mixture of ovalbumin solution (2 ml., con- 
taining 172 mg. of protein) and 0-9% (w/v) NaCl 
(3 ml.) was buffered with 4ml. of either 0-5m- 
phosphate (pH 7-5) or 0-75Mm-bicarbonate (pH 7-4). 
A freshly prepared solution of NM (1 ml. containing 
4:15 mg. of NM-HCl, i.e. 5-3 moles of NM/mole of 
protein) was added to each mixture, the solutions 
were kept at 37° for 2 hr., then overnight at about 
4°, and the NM-—proteins were separated by meth- 
anol precipitation. 

The complex prepared in the presence of bi- 
carbonate contained considerably more NM than 
the one prepared in the presence of phosphate 
(1-6 and 0-9 mole of NM/mole of protein respec- 
tively). Thus phosphate is not only not essential for 
the combination of NM and proteins, but it prob- 
ably competes with the protein for the added NM. 

Effect of other inorganic salts. In view of the 
capacity of proteins to form complexes with various 
buffer and other anions, and the consequent com- 
petitive effect of some inorganic salts on the binding 
of dyes, etc., by proteins (see, for example, the 
reviews by Klotz, 1949; Scatchard, 1952) it was 
thought desirable to study the effect of some anions 
on the combination of NM with proteins. 


Table 4. Influence of some anions on the combination 
of di-(2-chloroethyl)methylamine and bovine-plasma 
albumin 


Bovine-plasma albumin (150 mg.) in 2-5 ml. of 0-:9% 
NaCl (series A) or water (series B); 0-5m-buffer (2 ml.); 
NM-HCl (1-5 mg. with phosphate buffer, 18mg. with 
acetate buffer) in 1 ml. of 0-9% NaCl (A) or water (B). 
Reaction at 37° for 2 hr. and overnight at 0-4°. 


NM content of methanol- 
precipitated complexes 
(mole of NM/mole of 
bovine-plasma albumin) 


rs ee ee 
Buffer (A) (B) 
Phosphate, pH 7-4 1-03 1-02 
Phosphate, pH 5-6 0-62 0-56 


Acetate, pH 5:6 0-53 0-43 
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Solutions of bovine-plasma albumin in water and 
in 0-9% NaCl were mixed with phosphate or 
acetate buffer solutions, and a freshly prepared 
solution of NM-HCI in either water or 0-9% NaCl 
was then added. 

In these experiments (Table 4) added sodium 
chloride had no significant effect on the amount of 
NM combining with bovine-plasma albumin at 
pH 7-4 (phosphate buffer). At pH 5-6, however, the 
addition of chloride led to a small increase (about 
10%) in the amount of NM combining with the 
protein in a phosphate solution, and a larger 
increase (about 20 %) when acetate buffer was used. 
It is significant, in view of the possible role of 
phosphate in the reaction between sulphur mustard 
and proteins, that in these mixtures at pH 5-6 
more NM combined with the albumin in phosphate 
than in acetate buffer solution. 


Stability of NM-protein complexes 

Stability at various pH values. A series of experi- 
ments was carried out to determine the stability of 
the linkages between NM and protein when the 
NM-protein complexes were kept at 37° for 24 hr. 

Bovine-plasma albumin solution (1-8 g./10 ml. of 
0-9% NaCl) was mixed with 4 ml. of 0-5m-phos- 
phate buffer (pH 7-4) and 17-8 mg. of NM-HCl was 
added; 0-9% NaCl was then added to bring the 
volume to 25 ml. The mixture was kept at 37° for 
2hr., stored at 0—-4° overnight and dialysed for 
72 hr. at about 4° against 0-9% NaCl. Samples 
(2 ml. containing 2-02 moles of NM/mole of protein) 
of the dialysed solution were taken and the pH was 
adjusted with 0-1N-NaOH or 0-1N-HCl to cover the 
range pH 4-7-8-7, at intervals of about 0-4 unit. 
Universal buffer solution (4 ml.) of the appropriate 
pH was added to each sample and the solution 
diluted to 10 ml. with 0-:9% NaCl. The solutions 
were kept at 37° for 24 hr. and then dialysed against 
four successive portions of buffer—saline mixture 
(3:1, v/v) for a total of 6 hr. A sample (5 ml.) was 
removed and the remainder of the protein solution 
was dialysed for a further 36 hr. The results showed 
that under these conditions the NM-—albumin 
complexes lost only a small part of the attached 
NM. These losses of bound NM were about 10% in 
the acid and neutral solutions and about 15% at 
pH 8-0-8-7, and no further loss occurred when 
dialysis was continued for a further 36 hr. 

Two similar experiments were made with oval- 
bumin. In the first-experiment 12-8 mg. of NM-HCl 
was added to 20 ml. of ovalbumin solution (approxi- 
mately 4% protein) plus 5 ml. of 0-5m-phosphate 
buffer (pH 7-4), and in the second 15 mg. of NM- 
HCl was added to 10 ml. of ovalbumin solution 
(8-6 % protein) plus 5 ml. of 0-5m-phosphate buffer. 
The NM-proteins obtained contained respectively 
0-78 and 0:8 mole of NM/mole of ovalbumin. 
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Samples of these solutions were brought to the pH 
values recorded in Table 5, buffer of the appropriate 
pH was added and the mixtures were kept at 37° 
for 24 hr. and subsequently dialysed for 36 hr. at 
about 4°. 

The results (Table 5) showed that the loss of 
bound NM was appreciably less at pH 5-6 than it 
was at pH 7-8. It ranged, in Expt. 1, from 18% 
at pH 5-3 to 40% at pH 7-8, and from 20% at 
pH 5:1 to 50% at pH 7-2 in Expt. 1. This marked 
loss of NM by the NM-ovalbumin complexes over 
the range 5—7, in contrast with the relatively slight 
loss by NM-serum albumin under similar conditions, 
may conceivably be partly due to the lability of 
ester links between NM and phosphate groups in the 
former complexes (pK, for phosphoric acid, 7-2) 
since the ovalbumin molecule is known to contain 
one molecule of phosphoric acid (Cohn & Edsall, 
1943). 

Stability towards protein precipitants. Experi- 
ments with different protein precipitants were 
carried out to determine whether the nature of the 
precipitant had any effect on the amount of NM 
present in the precipitated NM-—protein complex. 
Three precipitating agents were used: (a) methanol 
(4 vol.); (6) trichloroacetic acid (10%, w/v; 4 vol. 
added to lvol. of NM-protein solution, with 
vigorous stirring during the addition); (c) sodium 
tungstate solution (10%, w/v; 1 vol. was added, 
and 0-66N-H,SO, was then added dropwise until 
precipitation was apparently complete. The mixture 
was allowed to stand for 10 min. before centrifug- 
ing). All the precipitates were washed three times 
with the precipitant, and then dried in vacuo over 
conc. H,SO,. 

NM-ovalbumin and the NM—protein complexes of 
the mixed proteins of horse serum were prepared as 
described above. Ovalbumin solution (15 ml., 
containing 1-07 g. of protein) was mixed with 
Universal buffer solution (5ml.), 0-9% NaCl 
(5 ml.) and NM-HCl (17-5 mg.); 9-3 mg. of NM-HCl 
was added to 20 ml. of horse serum and buffer 
solution (5 ml.). 

The results (Table 6) indicate that the amounts of 
NM present in the precipitates obtained with the 
three greatly differing protein precipitants did not 
vary considerably. With both proteins the highest 
NM content was obtained with the methanol pre- 
cipitates, and the lowest for the complexes pre- 
cipitated by trichloroacetic acid. Methanol may 
precipitate a little of the inorganic matter present 
in the mixtures, and this may explain the slightly 
higher results with this precipitant, since the pre- 
cipitated inorganic matter may carry down NM or 
some of its hydrolysis products. 

Effect of salt precipitation on NM-ovalbumin. 
Since ovalbumin can be readily obtained crystalline 
with the aid of Na,SO,, we decided to attempt the 


crystallization or precipitation of NM—ovalbumin 
with the Na,SO, technique to determine whether 
this process leads to rupture of the NM-—ovalbumin 
linkages. 

Ovalbumin precipitated with Na,SO, was freed 
from this salt by dialysis, and the product (5 ml. 
containing 0-33 g. of ovalbumin) was treated with 
NM-HCI (11-3mg.) in 0-5m-phosphate buffer 
(2 ml.) and the mixture kept at 37° for 2 hr., and at 
0-4° overnight. The solution was then dialysed 
against distilled water to remove uncombined NM 
and its ‘hydrolysis’ products, and brought to 
pH 7-4. A sample (5ml.) of this solution was 
warmed to 34° and saturated Na,SO, solution 
(5 ml., pH 7-4), also at about 34°, was added drop- 
wise with slow mixing. The resulting precipitate 
was centrifuged off, redissolved in about 5 ml. of 
water and the precipitation with Na,SO, repeated 
on part of the solution. 


Table 5. Stability of di-(2-chloroethyl)methylamine- 


ovalbumin at various pH. values 


Samples of NM-ovalbumin complex in buffer solutions 
of various pH values were kept at 37° for 24 hr. and then 
dialysed against 0-9% NaCl buffered at the appropriate 
pH. Other experimental details are given in the text. 


NM content (mole/mole of protein) 
of the dialysed complexes 





C ™ 

pH Expt. 1 Expt. 2 

Before keeping at 37° 

0-78 0-80 

After keeping at 37° 
5-1 _— 0-64 
53 0-65 — 
57 — 0-62 
6-2 0-55 0-58 
6-5 =. 0-54 
6-8 0-50 0-40 
7-2 — 0-40 
7:8 0-47 — 
8-7 


0-47 —_ 


Table 6. Stability of di-(2-chloroethyl)methylamine- 
proteins to various precipitants 


NM-protein complexes (either NM-horse-serum proteins 
or NM-ovalbumin, prepared with 3-61 and 3-08 moles of 
NM/mole of protein respectively) in Universal buffer, 
pH 7-4, were separated from uncombined and hydrolysed 
NM by precipitation with various protein precipitants as 
described in the text. 


NM content of precipitated complex 
(moles of NM/mole of protein) 
goers esas 





a woe ee 
Horse-serum 
Precipitant proteins Ovalbumin 
Methanol 2-21 1-25 
Sodium tungstate 2-12 1-17 
Trichloroacetic acid 2-02 0-98 
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Analysis of the products showed that there was 
no loss of NM resulting from the first precipitation 
of the NM-ovalbumin, both the original complex 
and the precipitated complex containing 1-33 moles 
of NM/mole of ovalbumin, but with a second pre- 
cipitation the molecular ratio fell to 1-01. 


DISCUSSION 


These results have shown that NM reacts rapidly 
under physiological conditions of temperature and 
pH with all the proteins studied. The reaction is so 
rapid that it is highly probable that when the drug 
is injected intravenously into man for therapeutic 
purposes, much of the NM combines firmly with the 
plasma proteins and remains in the bloodstream for 
an appreciable time. Part of the attached NM may 
be only loosely bound to the proteins. For example, 
the complexes separated from mixtures of NM and 
ovalbumin showed a maximum NM content 1—2 hr. 
after the drug had been added to the protein, and 
complexes separated 6—24 hr. later had appreciably 
lower NM contents (Table 3). However, about 
three-quarters of the NM bound to the protein at 
the 1 hr. stage was still firmly bound 92 hr. later, 
and in general the NM-protein complexes are 
relatively stable after the initial small loss of NM. 
NM-—plasma albumin and NM-ovalbumin com- 
plexes show only partial loss of bound NM when 
they are kept in neutral solution at 37° for 24 hr., 
and it appears probable that most of the NM-— 
protein complexes formed immediately after the 
intravenous injection of NM will persist in this form 
for many hours. Even if the injected NM undergoes 
‘hydrolysis’ in the blood or tissue fluids before 
reacting with protein it will still retain most of its 
capacity to combine with the body proteins, since 
aqueous NM solutions lose this capacity very 
slowly (Table 2). Although phosphate ion ap- 
parently competes with protein for combination 
with NM, hydrolysis of NM in the presence of 
phosphate for several hours does not appreciably 
impair its ability to react with protein. Thus any 
NM-—phosphate compounds which may be formed 
are probably freely dissociable. 

Direct information about the precise fate of NM 
in the animal body and the duration of its retention 
in the vascular system cannot as yet be obtained 
with “N-labelled NM. The toxicity of the drug is too 
great to permit the injection of sufficient NM to 
allow the »N to be measured after its dilution with 
very large amounts of protein nitrogen, but we hope 
to obtain more precise information about the 
behaviour of NM in the animal body in our experi- 
ments with NM labelled with 14C or *H or both. 
With NM labelled with “C in the methyl group, 
Skipper, Bennett & Langham (1951) have found 
that the drug is extensively fixed in most body 
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tissues, and these results are in agreement with our 
observations that NM combines rapidly and firmly 
with many widely differing proteins. 

The results described in this paper do not provide 
positive information about the protein groups 
which are responsible for the binding of nitrogen 
mustard, but they show that the free amino groups 
are not essential for this reaction. For example, it 
has been found that zein and gliadin, proteins which 
contain very little or no lysine, combine with almost 
as much NM as do proteins rich in this amino acid. 
Furthermore, plasma albumin and ovalbumin 
treated with sufficient acetic anhydride to give 
fairly extensive acetylation of the free amino groups 
combine with more NM than do the non-acetylated 
proteins (Fig.3). [The method used effects the 
acetylation of only the amino groups in a number of 
proteins (Olcott & Fraenkel-Conrat, 1947), though 
free SH groups may also react (Fraenkel-Conrat 
et al. 1949).] Thus protein groups which react 
rapidly with NM are apparently unattacked by 
acetic anhydride. Banks et al. (1946) found that 
blocking the free amino groups of a protein with 
phenyl isocyanate did not reduce the capacity of 
the protein to combine with mustard gas. It is also 
of interest that whereas Fruton et al. (1946) found 
that NM effects little reduction of the free amino 
groups of ovalbumin during the first 20 min. of the 
reaction, we have found that there is extensive 
combination of the drug with the protein during 
this period. Thus groups other than amino groups 
(e.g. carboxyl and imidazole) are concerned with the 
rapid action of NM on proteins. It is also possible 
that NM combines with phosphoric acid groups in 
some of the proteins studied here, e.g. casein and 
probably ovalbumin. 

Our attempts to obtain crystalline characteriz- 
able NM derivatives of various amino acids have so 
far been unsuccessful, possibly because the products 
were almost invariably mixtures of two or more NM— 
amino acid compounds, and in this respect the 
cross-linking action of the nitrogen mustards may 
be a contributory factor. With the aid of the 
labelled NM it has been possible, however, to obtain 
an approximate measure of the amount of NM 
which combines firmly with various amino acids. 
For example, cysteine treated with NM at pH 7 
showed a complete loss of free SH groups and a 
very marked reduction in free amino groups, and 
gave a mixture which yielded an oil containing 
1-3 moles of NM/mole of cysteine. From reaction 
mixtures of NM and either arginine or histidine in 
alkaline solution amorphous products were ob- 
tained, each of which contained compounds whose 
average NM:amino acid molecular ratio was about 
2:1. It has also been found that NM combines 
firmly with various di- and tri-peptides, and that 
the histidyl group is particularly important in this 
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reaction; for example, complexes obtained from 


histidylhistidine contained nearly 3-5 moles of 
NM/mole of dipeptide. 

However, this reaction with histidyl groups is not 
the sole mode of combination of NM and proteins, 
for in our tests with a wide range of proteins we 
have found that there is no relationship between the 
capacity of a protein to bind NM and its histidine 
content. Furthermore, all the histidyl groups in a 
protein do not react, for the total amount of NM 
which can be bound by many proteins is equivalent 
to only a small fraction of the histidine residues. 

The amount of NM bound by proteins varies with 
the pH at which the reaction is carried out. As the 
results in Figs. 4 and 5 show, there is no significant 
combination of the vesicant with either ovalbumin 
or plasma albumin at pH 4, presumably because the 
NM is present as a relatively stable ‘ammonium’ 
salt. As the pH is raised and the total negative 
charge on the protein molecule is increased, the 
possibility of nucleophilic attack by the protein on 
the «-methylene group of the 2-chloroethyl side 
chain of the free nitrogen mustard is enhanced, thus 
a gradually increasing fraction of the added NM 
becomes firmly attached to the protein. In some 
experiments at pH 9, for example, 87% of the 
added NM was bound by plasma albumin and 68 % 
by ovalbumin, the amounts of NM added in these 
experiments being respectively 3-8 and 3-6 moles/ 
mole of protein. From these results, and other 
evidence, it appears that the reaction between NM 
and plasma albumin (or ovalbumin), like that 
between NM and haemolytic complement (Watkins 
& Wormall, 19526), is due to ethyleneiminium ions 
produced by intramolecular quaternization of the 
NM. 

The maximum number of NM residues which can 
be introduced into a protein molecule is usually 
between five and six, and since at least four times as 
many sulphur-mustard residues can be introduced 
into serum albumin and other proteins (Banks e¢ al. 
1946), the two mustards evidently differ consider- 
ably in their reaction with proteins. The fact that 
only a few NM residues can be introduced into a 
protein may explain why there is only a very slight 
change in the immunological specificity of antigenic 
proteins when they are treated with NM (Watkins & 
Wormall, 1952a), and a further contributing factor 
may be the removal, by dialysis, of part of the NM 
after the NM-—protein complexes have been injected 
into rabbits. There is also the possibility that any 
nitrogen-mustard groups which have been con- 
cerned with the cross-linking of protein molecules 
may not act as serologically dominant or character- 
istic groups, but this possible significance of cross- 
linking actions of the nitrogen and sulphur mustards 
in relation to changes in the immunological pro- 
perties of proteins is being investigated further. 


SUMMARY 


1. The microsynthesis of di-(2-chloroethyl)- 
methylamine (NM) hydrochloride labelled with “N 
is described. 

2. With this labelled NM the combination of the 
vesicant with proteins under various conditions has 
been studied quantitatively, the NM-—protein 
complexes being freed from unchanged NM or its 
hydrolysis products by prolonged dialysis or pre- 
cipitation with methanol. 

3. Considerable amounts of NM are rapidly 
bound by ovalbumin and bovine-plasma albumin 
at pH 7-4 and 37°; when excess of NM is 
used, the amounts bound to these proteins are 
respectively about 5 and 5-5 moles of NM/mole of 
protein. 

4. Greater amounts of NM are bound by these 
proteins at higher pH values, less in acid solution 
and no combination occurs at pH 4. 

5. The reaction between NM and _ proteins 
is very rapid, and a considerable amount of 
the added NM is bound to the protein in a few 
minutes. 

6. The NM which combines with proteins at 
pH 7-4 is firmly attached, and prolonged dialysis of 
the complex at about 4° removes only part (some- 
times less than one-fifth) of the NM. When the 
protein complexes are precipitated by trichloro- 
acetic acid or sodium tungstate there is only a small 
loss of bound NM. 

7. Some NM-—protein complexes are only moder- 
ately stable at 37°. NM —plasma albumin complexes 
show only a small loss of NM when kept in solution 
at 37° for 24 hr. at pH values between 3 and 8-7, but 
NM-ovalbumin lost 40—50 % of its NM when kept in 
neutral or slightly alkaline solution, and nearly 
20 % at about pH 5. 

8. All the other proteins tested (casein, pepsin, 
haemoglobin, y-globulins, protamine, zein and 
gliadin) firmly bind added NM at pH 7-4 and 37°. 
Where the maximum binding capacity of the 
protein for NM was determined, it was similar to 
that of the plasma albumin. 

9. The free amino groups of the protein are not 
essential for the reaction with NM, since acetylated 
ovalbumin and bovine-plasma albumin react with 
slightly more NM at pH 5-8 than do the non 
acetylated proteins. 


We are indebted to the British Empire Cancer Campaign 
and the Medical Research Council for grants which have 
partly covered the cost of these investigations, and we are 
grateful to Professor A. C. Chibnall, F.R.S., for gifts of 
zein and gliadin. We are greatly indebted to Dr T. E. Banks 
for advice in connexion with the use and maintenance of the 
mass spectrometer and to Mr L. W. Blow for help with the 
maintenance of that instrument. 
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The Determination of the Structure of Unsaturated Fatty Acids on 
a Micro Scale with the Gas-Liquid Chromatogram 


By A. T. JAMES anp J. WEBB 
National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 9 January 1957) 


It has been pointed out in previous publications 
(James & Martin, 1956; James & Wheatley, 1956) 
that some information on the structure of un- 
saturated acids can be obtained from a study of their 
times of emergence from a gas-liquid chromatogram 
column. In general, the more double bonds in the 
molecule the more rapidly the acid moves, mono- 
and di-unsaturated acids running between the 


corresponding saturated acid and its next lower 
homologue when the column stationary phase is 
a saturated paraffin hydrocarbon (e.g. Apiezon M 
vacuum stopcock grease). The position of the double 
bond also affects the chromatographic behaviour: 
e.g. methyl-9:10-octadecenoate has a retention 
volume (James & Martin, 1956) relative to methy] 
myristate of 4-75, methyl-6:7-octadecenoate 4-87 


33-2 
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and methyl1-4:5-octadecenoate 4-95. These differ- 
ences, however, are insufficient to allow separation 
on any but very long columns, so that precise 
identification of structure by rate of movement 
alone is not possible. 

Oxidative degradation of unsaturated acids, 
followed by identification of the mono- and di- 
carboxylic acids produced, is the classical method of 
determining structure. Application of this technique 
on the micro scale necessitates a sensitive technique 
for separating and identifying the degradation 
products. The gas-liquid chromatogram not only 
fulfils this purpose but also serves as a method of 
preparing the unsaturated acids themselves. 


EXPERIMENTAL 


The type of column used has been described earlier (James & 
Martin, 1956), but has been slightly modified in that the 
support for the stationary phase (Celite 545) is sieved to 
remove ‘fines’ (passing a 200-mesh sieve). The stationary 
phase is melted and mixed with hot graded Celite 545 in the 
proportion 1:4 (w/w). Columns are packed by vibration as 
described by James & Martin (1952). In this way 4 ft. 
columns having efficiencies of up to 3000 theoretical plates 
for a peak emerging after 2 hr. are produced. The detector 
used is the gas-density meter (Martin & James, 1956), which 
measures the difference in density between the stream of gas 
from the chromatogram and the stream of gas from the 
reference column. 

Collection of samples from the gas chromatogram is 
carried out by attaching with silicone-rubber tubing a 
calcium chloride tube loosely packed with defatted cotton 
wool wetted with methanol. The end of the collection tube 
fits tightly against the exit tube of the detector so that the 
vapour emerging does not come into contact with the 
silicone rubber. When the peak has emerged, the tube is 
removed and the collected material eluted with three 5 ml. 
portions of ether. Where peaks overlap only the front 
or back portions of the zones are collected to prevent 


1 15 





20 
Time (min.) 





contamination. The ether is then evaporated in the 
10 ml. conical centrifuge tube in which the oxidation jis 
carried out. 

Oxidation of the collected sample is carried out by dis. 
solving the unsaturated acid in a few drops of acetic acid, 
adding 100 mg. of powdered KMnQ, and heating the tube 
on the water bath at 70° for 1 hr. At the end of this period 
water (3 ml.) is added together with potassium metabi- 
sulphite to remove excess of permanganate and MnO,. The 
solution is made strongly acid with 5n-H,SO, and extracted 
five times with 5 ml. portions of ether. The ether solution is 
dried over anhydrous Na,SO,. Esterification of the ex- 
tracted acids is carried out by treatment with diazomethane 
prepared essentially as described by Arndt (1943). It is 
necessary to distil the diazomethane from the reaction 
mixture in which it is formed, otherwise extra peaks due to 
side-reaction products will be produced on the chromato- 
gram. The diazomethane and ether are distilled directly 
into a conical centrifuge tube in which the ethereal solution 
of the free acids has been evaporated. After standing for 
30 min. at 0° the ether and excess of diazomethane are 
carefully evaporated on the water bath. The residue is dis- 
solved in a few microlitres of a substance (such as methyl 
pentadecanoate) relatively unlikely to overlap with the 
expected zones of the chromatogram, and the solution is 
taken up in a micropipette and applied to the column. The 
behaviour of the column should be previously standardized 
with a mixture of methyl esters of known mono- and di- 
carboxylic acids. 


RESULTS AND DISCUSSION 
Mono- and di-unsaturated acids 


In Fig. 1 is shown a separation of straight-chain 
monocarboxylic acids from C; to C,, and dicarboxylic 
acids from C, to C,, on the paraffinic stationary 
phase Apiezon M grease at 197°. The dicarboxylic 
acid emerges just before the monocarboxylic acid of 
similar molecular weight. Fig. 2 shows a reversal 
of order of emergence with a stationary phase of 








30 


Fig. 1. Separation of mono- and di-carboxylic acids on a predominantly paraffin stationary phase. Column length 4 ft.; 
stationary phase Apiezon M vacuum stopcock grease; temperature 197°. Nitrogen pressure 32cm. Hg above 
atmospheric pressure, detector at atmospheric pressure. Load 0-6 mg. Peaks in order of appearance: (1) air introduced 
in loading the sample, (2) methyl n-pentanoate, (3) methyl n-hexanoate, (4) dimethyl succinate, (5) methyl 
n-heptanoate, (6) dimethyl] glutarate, (7) methy] n-octanoate, (8) dimethyl adipate, (9) methyl n-nonanoate, 
(10) dimethyl] pimelate, (11) methyl n-decanoate, (12) dimethyl suberate, (13) methyl n-undecanoate, (14) dimethyl 
azela-ate, (15) methyl n-dodecanoate, (16) dimethyl sebacate, (17) methyl n-tridecanoate, (18) dimethyl] hen- 


decanedioate, (19) methyl n-tetradecanoate. 
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aromatic character (an aromatic extract of a high- 
boiling lubricating oil). In Table 1 is given a list of 
retention volumes of these acids relative to methyl 
myristate on the two types of stationary phase. All 
the acids are sufficiently well resolved to make 
identification easy. Fig. 3 shows the relationship 
between log (time of emergence) and chain length 
for the two types of acid. The CH,-separation factor 
(James & Martin, 1956) is 1-54 for both types of acid. 
In the permanganate oxidation of an unsaturated 
acid, the mono- and di-carboxylic acids produced 
initially are further attacked by the permanganate 
to give a homologous series of acids of shorter chain 
length. A number of other oxidation procedures 
were tried, including ozonolysis followed by oxida- 
tion with hydrogen peroxide, performic acid or silver 
oxide in alkaline or acid solution, and hydroxyl- 
ation followed by oxidation with periodate, but in 
all cases many side products that obscured the main 
products were formed. The permanganate oxidation, 
while not ideal, has the advantage that it is easy to 
pick out the two homologous series of mono- and 
di-carboxylic acids and to identify the main 
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products. An oxidation time of 1 hr. was chosen, 
since an experimental study showed that under 
these conditions the maximum yield of fission 
products was obtained with the secondary oxidation 
products present in quantities diminishing along the 
homologous series. 

It is of course necessary to know the chain length 
of the unsaturated acid to enable the position of the 
double bonds to be defined by identification of the 
fission products. It has been demonstrated that the 
mono- and di-unsaturated acids move between the 
corresponding saturated acid and the saturated acid 
possessing one less carbon atom. In this way the 
chain length of the unsaturated acids of this group 
can be determined. The lack of even impure samples 
of polyunsaturated acids has made it impossible so 
far to generalize on the chromatographic behaviour 
of acids possessing more than two double bonds. 

With mono-unsaturated acids identification of 
only one fission product is necessary; with di- 
unsaturated acids at least two products must be 
defined; and with more unsaturation all products 
need to be identified. It has been found possible 





Time (min.) 

Fig. 2. Separation of mono- and di-carboxylic acids on a more polar stationary phase than in Fig. 1. 
4 ft.; stationary phase, an aromatic extract of a high-boiling-point lubricating oil; temperature 197°. Nitrogen 
pressure 11-2 cm. Hg above atmospheric pressure. Peaks in order of appearance: (1) air, (2) methyl n-octanoate, 
(3) dimethyl glutarate, (4) methyl n-nonanoate, (5) dimethyl adipate, (6) methyl n-decanoate, (7) dimethy] pimelate, 
(8) dimethyl suberate, (9) methyl n-dodecanoate, (10) dimethyl azela-ate, (11) dimethyl sebacate, (12) methyl 
n-tetradecanoate. 


Column length 


Table 1. Retention volumes of methyl esters of mono- and di-carboxylic acids at 197° 
on two stationary phases (relative to methyl myristate) 


Stationary phase 
A. 


Apiezon M 
n-Tetradecanoate 1-0 1-0 





‘ 
Monocarboxylic acid Aromatic 


n-Tridecanoate 0-642 — 
n- Dodecanoate 0-415 0-422 
n-Undecanoate 0-264 — 
n-Decanoate 0-169 0-184 
n-Nonanoate 0-106 0-116 
n-Octanoate 0-068 0-075 
n-Heptanoate 0-043 —_ 
n-Hexanoate 0-027 —_ 


n-Valerate 0-0178 — 


Stationary phase 
A 





rc ~ 
Dicarboxylic acid Apiezon M Aromatic 
HO,C*[CH,],*CO,H 0-882 as 
HO,C-[CH,],*CO,H 0-57 0-772 
HO,C-[CH,],*CO,H 0-378 0-502 
HO,C-(CH,],*CO,H 0-228 0-326 
HO,C*[CH,],*CO,H 0-144 0-215 
HO,C-[CH,],*CO,H 0-0903 0-135 
HO,C*[CH,],*CO,H 0-0565 0-084 
HO,C-[CH,],*CO,H 0-0352 -- 
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with this technique to elucidate the structure of 
a variety of mono-, di- and tetra-unsaturated acids 
occurring in natural fats. 

In Fig. 4 is shown the result obtained by oxidizing 
a small quantity of mono-unsaturated C,, acid 
collected from a gas chromatogram of the acids 
present in human red cells and plasma (James & 
Lovelock, 1957). The main products are clearly 
azelaic and n-nonanoic acids, showing oleic acid to 
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Fig. 3. Relationship between log (time of emergence) and 
number of carbon atoms in the molecule for mono- and di- 
carboxylic acids in the paraffinic stationary phase 
(Apiezon M). A, Dicarboxylic acids; @, monocarboxylic 
acids. 
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be the main constituent. The small amount of n- 
octanoic acid present is probably derived by further 
oxidation of the nonanoic acid, but the fact that 
n-heptanoic acid is present in greater quantity 
rules out octanoic acid as its precursor. Clearly the 
heptanoic acid itself must represent a primary 
oxidation product, and in confirmation a peak of the 
C,, dicarboxylic acid (which cannot be derived from 
azelaic acid) can be seen. Thus vaccenic acid 
(octadec-11-enoic acid) is also present in the mono- 
unsaturated C,, fraction. 

In Fig. 5 are shown the acids resulting from the 
oxidation of a diunsaturated acid present in human 
plasma phospholipids and isolated with the gas 
chromatogram. The main components are azelaic 
acid and hexanoic acid, so that the original acid 
must be octadeca-9:12-dienoic acid (linoleic acid). 
The presence of a small amount of n-nonanoic acid 
indicates contamination of the sample with oleic 
acid. 








0 5 10 15 20 
Time (min.) 


Fig. 5. Result of oxidation of front half of peak diunsatur- 
ated C,, acid from a chromatogram of the acids of human- 
plasma phospholipids. Conditions as for Fig. 1. Peak 
identification: (1) air, (2) methyl n-hexanoate, (3) methyl 
n-nonanoate, (4) dimethyl! suberate,(5) dimethyl azela-ate. 
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Fig. 4. Result of oxidation of the rear half of the mono-unsaturated C,, peak from a chromatogram of acids from 
human-plasma phospholipids. Conditions as for Fig. 1. Peak identification: (1) air, (2) methyl n-hexanoate, 
(3) methyl n-heptanoate, (4) methyl n-octanoate, (5) methyl n-nonanoate, (6) dimethyl pimelate, (7) methyl 
n-decanoate, (8) dimethyl suberate, (9) dimethyl azela-ate, (10) dimethyl sebacate, (11) dimethyl hendecanedioate, 


(12) methyl n-tetradecanoate, 
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N- Fig. 6 demonstrates the complex of acids obtained 





her by oxidation of a composite peak of mono-unsatur- £ 3 
hat ated C,, acids isolated from cow’s milk. The follow- m z = 
ity ing monocarboxylic and dicarboxylic acids are * 3 
the clearly primary oxidation products: n-pentanoic, x z 
ary n-heptanoic, n-nonanoic, n-tetradecanoic and suc- = g 
the cinic, glutaric, azelaic, hendecanedioic and tri- 2 
om decanedioic acids. The corresponding mono-un- r > 
cid saturated acids are therefore octadec-13-, -11-, o 
no- , -9- and -4-enoic acids. The occurrence of glutaric LS bed 
acid would also suggest some octadec-5-enoic acid = a 
the to be present, but as only a trace of n-tridecanoic 
1an acid can be seen in the chromatogram no definite 7 
gas conclusions can be drawn. It should be noted that 
laic small amounts of all the mono- and di-carboxylic HR 
cid acids are produced by oxidation of the very small 
id). amounts of stationary phase emerging from the i 
cid column that contaminate ali the collected fractions. 
leic In Table 2 is given a list of some mono- and di- 
unsaturated acids (isolated from natural sources) 


whose structures have been determined by this 
technique. 


Unsaturated acids containing more 








n-hexanoate, (4) dimethyl succinate, (5) methyl n-heptanoate, (6) dimethyl glutarate, (7) methyl n-octanoate, (8) dimethyl adipate, (9) methyl n-nonanoate, 
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‘ than two double bonds = 3 
2 
In a study of the fatty acids present in human red & Z 
als ‘ ) ipids (James & Lovelock, 2 Ee 
1957) a series of unsaturated acids moving more 2 a 
slowly than stearic acid were discovered. The acids LS 2 pc 
had retention volumes relative to methyl stearate of 2 tts. 
1-25, 1:47, 1:64 and 1-88. Methyl nonadecanoate - 33 
' would be expected to have a relative retention , oe gs 
volume of 1-54, and for this reason the first two ) ae ap 
acids were tentatively assumed to be unsaturated 3 = ae @ 
. . . . a co] 
Pa C,, acids. The siower of these two acids (relative ) 88a ¢ 
tur- : ° -~ a) 
anes retention volume 1-47) was, however, present in geose 
hale amounts similar to those reported for arachidonic ~ &Sss 
thyl acid (eicosa-5:8:11:14-tetraenoic acid). - Zouvsg 
¢ ° . . . 4 aq 2 
-ate. In order to establish the chain length of this acid, -? sen 
Z 200 mg. of acids obtained from hydrolysis of the bos 
. . be 
phospholipids of human red cells was separated a aa 2 = 
on a reversed-phase liquid-liquid chromatogram ars 
‘ 3 . : 5 a 8 
(Howard & Martin, 1950). The fractions corre- S 5 = 5 
a ? . | 
sponding to the C,,, C,,, Ci, and C,, saturated acids = aS 2 
P . ° io ~~ 
were methylated and run on the gas-liquid chro- on Pele 
e . oe ° Ss 
matogram. The C,, fraction contained myristic - goss 
acid, linoleic acid and the unsaturated ‘C,,’ acid, all q#w=o8 
. P A “1: = 8 
of which were easily separated in milligram amounts Bo~-3 
c2 
on the gas column. The ‘C,,’ peak was collected and Sees 
‘ 2 : BAS 8 
reduced with hydrogen over palladium on barium eoee 
sulphate. The reduced acid when re-run on the gas 2S Ae 
chromatogram gave two peaks, the slower of which - hs 
was in the position expected for n-eicosanoic acid 23s 
a (retention volume relative to methyl stearate, BEES 
€ r e e e e o cw 
oate, ' 2°34). The other acid moving in front of this was eo 
sthyl presumably a mono-unsaturated acid produced by seua 
oate, incomplete reduction. On this basis the ‘C,,’ acid ob 
& 





can be assigned a chain length of 20 carbon atoms. 
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Table 2. Identification of the structure of some naturally occurring mono- and di-unsaturated acids 


Source Nature of acid 


Cod-liver oil C,, mono-unsaturated 

Human sebum C,, mono-unsaturated 

Human sebum C,, mono-unsaturated 
mere 16 

Cardiolipin Cy, mono-unsaturated 
. . . 16 . 

Cardiolipin C,, di-unsaturated 

Faecal fatty acids Cy, mono-unsaturated 

2 18 


This unsaturated acid when subjected to oxidative 
degradation gave three acids: n-hexanoic, malonic 
and glutaric acids. It was thus identified as 
arachidonic acid (Mowry, Brode & Brown, 1942). 


SUMMARY 


1. The separation of the methyl esters of mono- 
and di-carboxylic acids on the gas-liquid chromato- 
gram is described. 

2. Oxidation with permanganate in acetic acid 
followed by identification of the split products on 
the gas—liquid chromatogram is used to establish the 
structures of some naturally occurring mono- and 
di-unsaturated acids. 

3. The presence of vaccenic acid in human 
plasma is confirmed by this technique and cow’s 
milk is shown to contain a variety of mono-un- 
saturated octadecenoic acids. 


Fragments identified Structure 
Hexadec-9-envic 

an S ; 
Tetradec-5-enoic 
Hexadec-6-enoic 
Hexadec-9-enoic 
Octadeca-9:12-dienoic 
Octadec-9-enoic 


n-Heptanoic, azelaic 
Glutaric 

n-Decanoic 
n-Heptanoic, azelaic 
n-Hexanoic, azelaic 
n-Nonanoic, azelaic 


4. The isolation of an unsaturated acid present 
as a major component in human red cells and plasma 
is described, and is shown by reduction and oxida- 
tion to be arachidonic acid. 


We thank Dr M. G. MacFarlane for the fatty acids from 
a purified sample of cardiolipin. Thanks are also due to 
Mr H. Hadaway for much experimental assistance. 
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Pyridoxamine Phosphate Transaminase 


By R. B. BEECHEY anp FRANK C. HAPPOLD 
Department of Biochemistry, The University of Leeds 


(Received 8 October 1956) 


The starting material for the preparation of trypto- 
phanase in these laboratories has been a 0-8Mm- 
potassium chloride extract of cells of Escherichia 
coli. Happold & Struyvenberg (1954) showed that 
when this was resolved into apoenzyme and co- 
enzyme (pyridoxal phosphate) by dialysis against 
water, ammonium, potassium or rubidium ions 
were also required for reactivation, but that when 
the holoenzyme was dialysed against 0-25m- 
potassium chloride the dissociation of apoenzyme 
and coenzyme occurred only very slowly, over a 
period of days. 

In later studies on this enzyme we observed that 
aqueous extracts were devoid of tryptophanase 
activity but did contain apotryptophanase, and that 
this was remarkably stable; it naturally requires 
pyridoxal phosphate and potassium, ammonium or 
rubidium ions for activation. The further observa- 


tion that pyridoxamine phosphate also caused an 
increase in tryptophanase activity was, however, an 
unexpected discovery; our previous failure, and 
that of Wood, Gunsalus & Umbreit (1947), to 
observe this fact may have been due to the use of 
ammonium sulphate in the partial purification of 
the enzyme or, in our experiments, to the use of 
potassium chloride solutions as the enzyme solvent. 
We now suggest that, whilst pyridoxal phosphate is 
the coenzyme of tryptophanase, as of so many other 
enzymes associated with the intermediary meta- 
bolism of amino acids, a specific transaminase 
exists which catalyses the reversible interconversion 
of pyridoxamine phosphate and pyridoxal phos- 
phate. We have called this enzyme pyridoxamine 
phosphate transaminase (Beechey ‘& Happold, 
1955). The importance of this reaction in the physio- 
logy of the cell needs no emphasis. 
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The enzyme preparations used were obtained from acetone— 
ether-dried cells of Escherichia coli which had been grown 
for 18 hr. at 37° on casein-digest medium solidified with agar 
(Dawes, Dawson & Happold, 1947). The cells were extracted 
for 1 hr. with water (20 mg. of cells/ml. of water) at 2-3° and 
then centrifuged at 12 000g for 30 min. at 3°. In later 
experiments the aqueous cell extract was freeze-dried in 
15 ml. batches and stored in stoppered ampoules at — 18°. 
Pyridoxamine phosphate transaminase activity was re- 
tained for at least 6 weeks. The aqueous extract was con- 
centrated for use by dissolving the dried powder, from 
15 ml. of aqueous extract, in 2 x 2-5 ml. of water or 0-05m- 
NaHCO,-Na,CO, buffer, pH 10-1. Insoluble matter was 
removed by centrifuging at 1500 rev./min. for 10 min. 

Tryptophanase activity (initial activity) is expressed as 
pg. of indole formed in 5 or 10 min. at 37° and was deter- 
mined by measuring the initial rate of indole formation in a 
total volume of 2-5 ml. The 0-5 ml. of aqueous cell extract, 
0-5 ml. of 0-2M-2-amino-2-hydroxymethylpropane-1:3-diol 
(tris) buffer, pH 8-3, and 1 ml. of additions were incubated 
for 10 min. at 37°, and 0-5 ml. of 1-96 x 10-?M-L-tryptophan 
was then added. The reaction was stopped after 5 or 10 min. 
by the addition of 0-5 ml. of 10% (w/v) trichloroacetic acid. 

Indole was determined by a modification of the method of 
Happold & Hoyle (1934). The rose-indole was run off from 
the light petroleum (b.p. 40—60°) into centrifuge tubes and 
centrifuged at 1500 rev./min. for 5 min. to remove any 
suspended protein fragments. Its absorption was then 
measured at 560 mp in a Unicam diffraction-grating 
spectrophotometer, model SP. 400, and compared with a 
standard curve. 

Protein was estimated by a quantitative biuret procedure. 


Optimum conditions for enzyme assay 


Principle of the method. The absorption of light at 390 my 
by pyridoxal phosphate is maximal at pH 14, whereas 
pyridoxamine phosphate does not absorb light at this wave- 
length and pH (Williams & Nielands, 1954). If then the 
transaminase action were stopped by adding NaOH to the 
reaction mixture (both pyridoxal phosphate and pyridox- 
amine phosphate are stable under alkaline conditions) and 
the changes in light absorption at 390 mp were measured, 
the rate of formation, or conversion, of pyridoxal phosphate 
could be obtained. 

Experimental method. Measurements were made in a 
Unicam spectrophotometer, model SP. 500. A volume 
(1 ml.) of 0-05m-NaHCO,—Na,CO, buffer, pH 10-1 (Delory & 
King, 1945) and 1 ml. of 0-05m-MgSO, or water, 1 ml. of 
substrate (100 yg./ml.) and 1 ml. of water or additions were 
added to both the experimental reaction tubes and the 
control reaction tubes. After temperature equilibration at 
37°, 1 ml. of the concentrated aqueous extract, also at 37°, 
was added at zero time to the experimental reaction tubes. 
After a 60 min. reaction period, 1 ml. of 2-5n-NaOH was 
added to both the experimental tubes and the control tubes. 
A volume (1 ml.) of the concentrated enzyme, which had 
also been maintained at 37°, was then added to the control 
tubes. Where Mg?+ ions had been added, the precipitated 
magnesium hydroxide was removed by centrifuging at 
1500 rev./min. for 10min. Transaminase activity is 
expressed as yg. of pyridoxal phosphate produced from, or 
converted into, pyridoxamine phosphate. 
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Measurement of activity 


(a) Conversion of pyridoxamine phosphate into pyridoxal 
phosphate. Magnesium ions were always added to the 
reaction tubes. To determine the optical-density changes at 
390 mp due to the formation of pyridoxal phosphate, the 
optical density of the contents of the experimental reaction 
tubes was measured, the contents of the corresponding 
control reaction tubes being used as a blank. 

(b) Conversion of pyridoxal phosphate into pyridoxamine 
phosphate. Magnesium ions were not added to the reaction 
tubes. To determine the optical-density changes at 390 mu 
due to the removal of pyridoxal phosphate, the optical 
density of the contents of the control tubes was measured, 
the contents of the corresponding experimental tubes being 
used as a blank. 

The optical densities so obtained were referred to a 
standard graph which had been prepared by incubating 
1 ml. of solutions containing known amounts of synthetic 
pyridoxal phosphate with 2 ml. of 0-05m-NaHCO,—Na,CO, 
buffer, pH 10-1, and 2 ml. of water for 60 min., and then 
adding 1 ml. of 2-5n-NaOH. The optical densities of these 
tubes were measured with a blank in which the pyridoxal 
phosphate solution was replaced by water. There is a linear 
relationship between optical density and pyridoxal phos- 
phate concentration up to at least 40 yg./ml. 

The pyridoxal phosphate and pyridoxamine phosphate 
(both from Roche Products Ltd.) were shown to be free of 
contaminating members of the vitamin B, group by filter- 
paper electrophoresis (Siliprandi, Siliprandi & Lis, 1954). 


RESULTS 


Apparent activation of apotryptophanase 
by pyridoxamine phosphate 


When 100 yg. of pyridoxal phosphate or pyridox- 
amine phosphate is incubated separately for varying 
periods of time with standard preparations of cell 
extract, buffer and tryptophan and the initial rate of 
indole production is determined, activation occurs 
with both the vitamin B, derivatives. The results 
are recorded in Table 1 and show that whereas 
10 min. incubation time is sufficient to obtain the 
maximum degree of activation with pyridoxal 
phosphate, 30 min. or more is required with pyri- 
doxamine phosphate, and the latter attains only 
one-half the activity which occurs with the co- 
enzyme pyridoxal phosphate itself. Since pyridox- 
amine phosphate will not activate apotryptophan- 
ase we assumed that the aqueous extract was 
causing the conversion of pyridoxamine phosphate 
into pyridoxal phosphate. 


Effect of bivalent metal ions upon the apparent 
activation of apotryptophanase by pyridoxamine 
phosphate 


The effect of Mg?+ ions upon the tryptophanase 
activity of the aqueous extracts of Escherichia coli 
cells in the presence of pyridoxal phosphate or 
pyridoxamine phosphate, and in their absence, is 








522 R. B. BEECHEY AND F. C. HAPPOLD 1957 


Table 1. 


Variation of the tryptophanase activity of aqueous cell extracts on incubation with pyridoxal 


phosphate (Pal P) and pyridoxamine phosphate (Pamine P) 


Aqueous cell extract (0-5 ml.), 0-5 ml. of 0-2M-tris buffer (pH 8-3), 0-5 ml. of water and 0-5 ml. of vitamin B, derivative 
(100 »g./ml.) or water were incubated at 37° for the stated times. A volume (0-5 ml.) of 1-96 x 10-?M-L-tryptophan was 
then added. ‘The reaction was stopped 5 or 10 min. later and the indole production was determined. 


Indole produced 
(ug-/5 min.) 


Indole produced 
(yug./10 min.) 


— ee ‘ ———— ee _—— 7 
Time of With With 
incubation No Pal P Pal P No Pamine P Pamine P 
(min.) additions added effect additions added effect 
0 58 13-1 7:3 9-4 10-7 1-3 
10 0-7 13-2 12-5 0-9 3-0 2-1 
20 0-0 12-6 12-6 0-7 4:7 4-0 
30 0-0 12-5 12-5 0-6 58 5:2 
40 0-0 12-4 12-4 0-0 5-6 5-6 
50 0-0 12-6 12-6 0-1 6-0 5-9 
60 0-0 12-5 12-5 0-0 55 55 
70 0-0 12-0 12-0 0-0 5-0 5-0 
80 0-0 12-4 12-4 0-0 5:3 53 
300/- the aqueous extract by pyridoxamine phosphate 
& can only be accounted for by assuming that Mg?+ 
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Fig. 1. Acceleration of the conversion of pyridoxamine 
phosphate into pyridoxal phosphate by Mg?** ions. 
Aqueous cell extract (0-5 ml.), and 0-5 ml. of 0-2M-tris 
buffer (pH 8-3), 0-5 ml. of MgSO, solution (water in 
control) and 0-5 ml. of addition (as indicated below) were 
incubated for 40 min. at 37°. A volume (0-5 ml.) of 
1-96 x 10-2M-L-tryptophan was then added. The reaction 
was stopped 5 or 10 min. later and indole determined. 
Additions: A, 0-5 ml. of pyridoxal phosphate (100 yg./ 
ml.), 5min. reaction with tryptophan; @, 0-5 ml. of 
pyridoxamine phosphate (100 yg./ml.), 10 min. reaction 
with tryptophan; 1, 0-5 ml. of water, 10 min. reaction 
with tryptophan. 


shown in Fig. 1. In the presence of pyridoxal 
phosphate there is no increase in tryptophanase 
activity on the addition of Mg?+ ions. However, 
with pyridoxamine phosphate, tryptophanase 
activity is enhanced by their addition over the 
range 2 x 10-*to 2-5 x 10-5m. Above 2 x 10-?m, Mg?* 
ions inhibit the tryptophanase activity of the 
extracts. ‘Since Mg?+ ions do not activate trypto- 
phanase, the apparent activation of this enzyme in 


ions activate a pyridoxamine phosphate trans- 
aminase present in the extract, and that pyridoxal 
phosphate produced by this enzyme then activates 
apotryptophanase. 

Cobalt, Cu?+, Mn?+ and Fe?+ ions are without 
effect upon the initial rate of indole production by 
these extracts in the presence of pyridoxamine 
phosphate or pyridoxal phosphate, except where 
the concentration is sufficiently high to cause 
inhibition. 


Spectrophotomeiric evidence for the enzymic inter- 
conversion of pyridoxal phosphate and pyridox- 
amine phosphate 


At pH 8-3 pyridoxal phosphate shows an ab- 
sorption maximum at 390 my and absorbs com- 
paratively weakly at 320 my, whereas pyridox- 
amine phosphate absorbs strongly at 320 mp and 
does not absorb light at 390 my (Williams & 
Nielands, 1954). Systems in which pyridoxal 
phosphate or pyridoxamine phosphate were separ- 
ately incubated at 37° with aqueous cell extract 
buffered at pH 8-3, were set up both with and with- 
out Mg*+ ions. Controls, to which no pyridoxal 
phosphate or pyridoxamine phosphate had been 
added, were incubated at 37° and used as blanks, 
the optical-density changes at 390 my _ being 
measured. The results and details of the experiment 
are recorded in Fig. 2. 

When aqueous extract is incubated with pyridox- 
amine phosphate the optical density at 320 mp 
decreases and there is a simultaneous increase in 
that at 390 my. This indicates the conversion of 
pyridoxamine phosphate into pyridoxal phosphate. 
In the presence of 2-5 x 10-?m-Mg?+ ions these 
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changes are accentuated. On incubating the extract 
with pyridoxal phosphate, there is a decrease in 
optical density at 390my and an increase at 
320 mp, corresponding to the conversion of pyri- 
doxal phosphate into pyridoxamine phosphate. 
These latter changes are not significantly affected 
by the presence of 2-5 x 10-*m-Mg** ions. In the 
absence of the extract there are no changes in 
absorption at either wavelength. No gaseous 
exchange occurred when the buffered enzyme— 
substrate systems were allowed to react in Warburg 
manometers. We can therefore assume that an 
enzyme system is present in the aqueous extract 
which catalyses the interconversion of pyridoxal 
phosphate and pyridoxamine phosphate. 


(320mp) (390 ma) 
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Fig. 2. Interconversion of pyridoxamine phosphate and 


pyridoxal phosphate. A volume (10 ml.) of 0-2M-tris 
buffer (pH 8-3), and 10 ml. of substrate (100yg./ml.), 
10 ml. of water or 10-?m-MgSO, solution and 10 ml. of 
aqueous cell extract were incubated at 37°. At indicated 
times samples were taken and the optical densities at 
320 mp and 390 mp were read against a blank in which 
water replaced the substrate. Substrates: (a), pyridoxal 
phosphate; (b), pyridoxamine phosphate. @, Optical 
density at 320 my; O, optical density at 390 mp. 
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Effect of pH on enzyme activity 


In these experiments the enzyme preparation 
contained 10—12 mg. of protein/ml. Buffers, 0-05m- 
NaHCO,—Na,CO,, pH range 8-9-10-6, and 0-2m- 
tris, pH range 7-2-8-2, were added to the reaction 
tubes, which also contained enzyme, substrate and 
water or a solution of MgSO,. After 90 min. 
incubation NaOH was added and, where present, 
the precipitated magnesium hydroxide was re- 
moved by centrifuging at 1500 rev./min. for 10 min. 
The changes in optical density at 390 my were then 
measured. The results are illustrated in Fig. 3, and 
show that the conversion of pyridoxamine phos- 
phate into pyridoxal phosphate is sensitive to 
changes in pH, with a sharp optimum at pH 10-1. 
The conversion of pyridoxal phosphate into pyri- 
doxamine phosphate is somewhat less sensitive to 
changes in pH, the optimum lying between pH 9-8 
and 10. 


Variation of enzyme activity with varying 
substrate concentration 


In these and following experiments the concen- 
trated enzyme was dissolved in 0-:05mM-NaHCO,— 
Na,CO, buffer, pH 10-1. The results obtained when 
the substrates in different concentrations were 
incubated with the usual systems for 90 min. are 
illustrated in Fig. 4. The rate of reaction is linear up 
to a substrate concentration of 20 ug./ml., both for 
the conversion of pyridoxamine phosphate into 
pyridoxal phosphate and the reverse reaction. 
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Fig. 3. Effect of pH on enzyme activity. Reaction period, 
90 min. Substrates: pyridoxamine phosphate, Mg*+ ions 
present, in 0-05m-NaHCO,—Na,CO, buffer, O, or in 
0-2M-tris buffer, @; pyridoxal phosphate, no Mg**+ ions 
present, 0-05m-NaHCO,*Na,CO, buffer, A. 
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Hence in subsequent experiments a substrate con- 
centration of 20 »g./ml. was used. 

The Michaelis constants for these reactions were 
calculated by the method of Lineweaver & Burk 
(1934), as shown in Fig. 5. For the conversion of 
pyridoxal phosphate into pyridoxamine phosphate 
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Fig. 4. Effect on enzyme activity of variation of substrate 
concentration: 2 ml. of 0-05m-NaHCO,—Na,CO, buffer, 
pH 10-1, 1 ml. of concentrated enzyme solution, 1 ml. of 
10-*m-MgSO, solution or water and 1 ml. of substrate 
solution were incubated at 37° for 90 min. A volume 
(1 ml.) of 2-5n-NaOH was then added. Substrates: 
pyridoxamine phosphate, magnesium present, O; 
pyridoxal phosphate, no magnesium present, /. 
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Fig. 5. Evaluation of Michaelis constants. O, Conversion 
of pyridoxamine phosphate into pyridoxal phosphate, 
K,,, =4:1 x 10-*m; A, conversion of pyridoxal phosphate 
into pyridoxamine phosphate, K,,=6-1 x 10-‘m. These 
values are only approximations (see text). 








the value of the constant is 6-1 x 10-*M, and for the 
conversion of pyridoxamine phosphate into pyri- 
doxal phosphate is 4-1 x 10-4m. These values can 
only be regarded as approximations, since in these 
experiments a large fraction of the substrate 
reacted during the incubation period and therefore 
the measured velocities are averages over ranges of 
substrate concentrations. 


Effect of time on reaction velocity 


The rates of enzymic action with either pyridoxal 
phosphate or pyridoxamine phosphate as substrate 
are illustrated in Fig. 6; both show that the rate is 
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Fig. 6. Effect of time on reaction velocity. A volume 
(2 ml.) of 0-05m-NaHCO,—Na,CO, buffer, pH 10-1, and 
1 ml. of concentrated enzyme solution, 1 ml. of 10-*m- 
MgSO, and 1 ml. of substrate (100 ug./ml.) were incubated 
for the indicated times at 37°. A volume (1 ml.) of 
2-5n-NaOH was then added. Substrates: pyridoxamine 
phosphate, magnesium present, O; pyridoxal phosphate, 
no magnesium present, /. 
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Fig. 7. Variation of enzyme concentration. The substrate 
was pyridoxal phosphate (final concn. 20yug./ml.); the 
pH was 10-1 and time of incubation 1 hr. 
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linear for a reaction period of 60 min. This was the 
reaction time used in subsequent experiments. Again, 
a large fraction of the substrate reacted during the 
incubation period and the measured velocities are 
averages over ranges of substrate concentrations. 


Variation of enzyme concentration 


The concentrated enzyme preparation usually 
contained 10-12 mg. of protein/ml. The concen- 
trated enzyme was diluted with buffer and the 
diluted enzyme solutions were added to reaction 
tubes, which contained pyridoxal phosphate 
buffered at pH 10-1. After 60min. incubation 
NaOH was added and the changes in optical density 
at 390 mp were measured. Fig. 7 shows that there is 
a linear relationship between enzyme activity and 
protein concentration up to a final protein concentra- 
tion of 1-6 mg./ml. In later experiments therefore 
the freeze-dried powder was dissolved in one-half the 
original volume of aqueous extract of buffer. 


Effect of other compounds on the transaminase action 

The effect upon the present system of certain 
compounds which are normally associated with 
transamination reactions was next studied. Oxalo- 
acetate, x«-oxoglutarate, pyruvate, phenylpyruvate, 
L-aspartate, L-glutamate, DL-alanine, L-glutamine 
and DL-asparagine were added to the reaction 
mixture at concentrations based on 1-0, 0-1 and 
0-01 mg. of the L-isomer/ml. Inhibition of enzymic 
action was noted at the two higher concentrations 
by these substances and none of them increased the 
enzymic activity. 


Eijeci of dialysis 


Concentrated enzyme (25 ml.), dissolved in 


0:05m-NaHCO,—Na,CO, buffer, pH 10-1, was di- 
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alysed in a rotating sac against 1-51. of the same 
buffer at 2-3°. This treatment gave 50 % inactiva- 
tion after 5 hr. Addition of sodium L-glutamate and 
L-aspartic acid (1 mg./ml.) neither activated nor 
inhibited the dialysed enzyme, whereas 
dialysed enzyme was inhibited by similar concentra- 
tions of these substances. 


non- 


Effect of hydroxylamine on the conversion of 
pyridoxamine phosphate into pyridoxal phosphate 


Whilst studying the conversion of pyridoxamine 
phosphate into pyridoxal phosphate we observed 
that neutralized hydroxylamine over a range 
10-2—10~’ o inhibited the reaction in solutions which 
also contained enzyme, substrate, buffer and Mg?* 
ions (see Table 2). Since hydroxylamine is known to 
combine with pyridoxal phosphate Davison (1956), 
30 pg. of pyridoxal phosphate (the amount which 
would be expected to be produced by the enzymic 
conversion of the pyridoxamine phosphate) was also 
incubated for the reaction period with buffer, Mg?* 
ions and hydroxylamine, and used as a control; 
NaOH was subsequently added. The percentage 
inhibition of enzyme activity produced by the 
added hydroxylamine was always greater than 
could be accounted for by the inactivation of 
pyridoxal phosphate by hydroxylamine. If pyri- 
doxal phosphate were itself the coenzyme for 
this transformation this could account for the 
inhibition. 

Pyridoxal kinase, which catalyses the phos- 
phorylation of pyridoxal by adenosine triphosphate, 
has been shown to be present in brain (Roberts & 
Frankel, 1951), in Escherichia coli (Binkley & 
Christensen, 1951) and Streptococcus faecalis R 
(Gunsalus, Bellamy & Umbreit, 1944). No pyri- 
doxal kinase was present in any of our extracts. 


Table 2. Effect of hydroxylamine on the conversion of pyridoxamine phosphate 
into pyridoxal phosphate (Pal P) 


‘Experimental’ tubes contained 1 ml. of 0-05mM-NaHCO,—Na,CO, buffer (pH 10-1), 1 ml. of concentrated enzyme, | ml. 
of pyridoxamine phosphate (100 yg./ml.), 1 ml. of 10-?m-MgSO, and 1 ml. of hydroxylamine solution. ‘Control’ tubes 
contained 2 ml. of 0-05m-NaHCO,—Na,CO, buffer (pH 10-1), 1 ml. of pyridoxal phosphate (30 yg./ml.), 1 ml. of 10-*m- 
MgSO, and 1 ml. of hydroxylamine solution. These tubes were incubated at 37° for 60 min. together with appropriate 
blanks; 1 ml. of 2-5n-NaOH was then added and the changes in optical density at 390 mp were measured. 


Control 


A 








Experimental 





Cc ‘ iz 
Hydroxylamine Apparent conen. Anticipated Apparent Pal P 


= - eos. 


concn. of Pal P inhibition production Inhibition 

(at) (ug. /ml.) (%) (ug./ml.) (%) 

0 30 0 16-5 _— 

0 -— — 15-5 — 
10-2 11-5 61 4-0 75 
0 — = 3-0 81 
10-* — — 4-0 75 
10-5 a= — 16-5 0 
10-* — _— 15-0 ; 6 
10-7 28-5 5 17-0 0 
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DISCUSSION 


Umbreit, O’Kane & Gunsalus (1948) observed that 
pyridoxal phosphate, but not pyridoxamine phos- 
phate, could reactivate purified pig-heart glut- 
amate—aspartate apotransaminase, a finding which 
was not compatible with the original hypothesis 
of transamination, whereby the interconversion of 
the amine and the aldehyde forms of the vitamin B, 
derivatives was involved inthe mechanism. Meister 
(1955) in his review on amino acid metabolism 
discusses this; Meister, Sober & Peterson (1954) 
found that pyridoxal phosphate and pyridoxamine 
phosphate were equivalent in their activation of the 
purified apotransaminase, though a longer period 
of pre-incubation was required for the activation 
of the apotransaminase. Moreover, conversion of 
pyridoxamine phosphate into pyridoxal phosphate 
before enzyme—coenzyme combination could not be 
demonstrated either by enzymic assay or by ultra- 
violet-absorption studies, results which Meister 
(1955) states are compatible with the original con- 
cept that both the B, derivatives are coenzymes of 
the transamination reactions, and that their inter- 
conversion occurs after coenzyme—enzyme combi- 
nation has occurred. 

It may be that the apotransaminase preparation 
of Umbreit et al. (1948) was free from the enzyme 
which catalyses the interconversion of pyridoxamine 
phosphate into pyridoxal phosphate, whereas the 
preparation of Meister et al. (1954) was not. 

In the present study we have presented evidence 
that the interconversion of pyridoxamine phosphate 
and pyridoxal phosphate is catalysed by an enzyme 
present in aqueous extracts of Escherichia coli which 
also contain apotryptophanase, an enzyme which is 
activated by pyridoxal phosphate but not directly 
by pyridoxamine phosphate. Thus apotrypto- 
phanase can be indirectly activated by pyridox- 
amine phosphate when the pyridoxamine phos- 
phate transaminase is present. We have not yet 
determined the nature of the amino group acceptor 
in this transamination, but it does not appear to be 
oxaloacetate, «-oxoglutarate, pyruvate or phenyl- 
pyruvate. Magnesium ions activate the conversion 
of pyridoxamine phosphate into pyridoxal phos- 
phate only. The results illustrated in Fig. 2 suggest 
that either Mg*+ ions affect the equilibrium point of 
the reaction or that the enzyme is less stable in the 
absence of Mg*+ ions. Whereas the possibility of 
two separate enzymes cannot be excluded at this 
stage of the investigation, their presence would not 
clarify this point. 

These findings have obvious bearing upon the 
mechanism of transamination reactions. Pyridoxal 
phosphate is the coenzyme of many enzymes 
associated with protein metabolism, and if this is 
true for whole cells, and since pyridoxamine phos- 


phate is the predominating member of the B, group 
within the cell (Rabinowitz & Snell, 1947), the 
control of this one enzyme, pyridoxamine phosphate 
transaminase, could affect the whole pattern of the 
amino acid metabolism of the cell. That the cell has 
some form of control of the enzymes involved in 
vitamin B, metabolism can be deduced from the 
fact that pyridoxal kinase also phosphorylates 
pyridoxine. The product pyridoxine phosphate has 
not been shown to be present in cells; what is more, 
it is a potent inhibitor of pyridoxal phosphate- 
linked enzymes. 

In continuation of this work Happold & Turner 
(unpublished results) have found a similar system in 
preparations of glutamic transaminase, prepared 
from sheep heart by the method of Cammarata & 
Cohen (1951). 


SUMMARY 


1. Evidence for the enzymic interconversion of 


pyridoxal phosphate and pyridoxamine phosphate 
has been presented. Magnesium ions activate the 
conversion of pyridoxamine phosphate into pyri- 
doxal phosphate. 

2. The enzyme was present in aqueous extracts 
of Escherichia coli but not in the 0-8mM-potassium 
chloride extracts used in the preparation of trypto- 
phanase. 

3. Optimum conditions for enzymic assay have 
been established. 


We are indebted to the Medical Research Council for 
support of these studies. One of us (R. B. B.) is also grateful 
for a Medical Research Council training grant. Pyridoxal 
phosphate and pyridoxamine phosphate were gifts from 
Roche Products Ltd. 
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A Comparison of Sodium Salicylate and 2:4-Dinitrophenol 
as Metabolic Stimulants in vitro 


By D. H. SPROULL 
From the Clinical Chemotherapeutic Research Unit of the Medical Research Council, 
Western Infirmary, Glasgow 


(Received 19 November 1956) 


Sodium salicylate as a peripheral metabolic 
stimulant exhibits the outstanding pharmacological 
feature of 2:4-dinitrophenol (DNP) and related 
compounds (Sproull, 19546). DNP inhibits oxi- 
dative phosphorylation (Loomis & Lipmann, 1948), 
which is considered to be the source of its metabolic 
stimulant property (see Simon, 1953, for review). 
Brody (1956) has shown that salicylate also 
inhibits oxidative phosphorylation. The similarity 
of salicylate and DNP, although contrary to thera- 
peutic and toxicological experience of these agents 
in man, is of great interest from the viewpoint of 
therapeutics, and suggests that the actions of the 
two compounds. as metabolic stimulants, may be 
identical. Some comparisons were made in the 
present investigation of the effects of salicylate and 
DNP on the respiration of tissue slices, in the hope 
of obtaining evidence which would permit a 
definite conclusion regarding difference or identity 
of the drugs’ primary actions. 

Peiss & Field (1952) found that DNP increased 
the metabolic rate of rat-brain slices with glucose or 
pyruvate as substrate, but not when succinate or 
«-oxoglutarate was employed. The first part of the 
present investigation was to determine whether this 
property of DNP is possessed by salicylate. 

The second part of this investigation was to 
compare the concentration—response curves of the 
two compounds on mouse-liver slices, and to study 
the combined action of the compounds on this 
preparation. 


METHODS 


Brain slices. The rate of O, consumption of brain slices 
from fed male Wistar albino rats was determined by the 
direct method in Warburg respirometers at 37°. The slices, 
nominally 0-3 mm. thick, were prepared in a mechanical 
chopper and were separated and selected individually before 


being placed in the Warburg flasks; the medium was 
Krebs-Ringer phosphate, pH 7-4 (Krebs & Henseleit, 1932). 
The results were expressed as pl. of O,/hr./mg. final dry wt. 
of tissue (Qo,). For each ‘rat the Qo, values of the control 
and treated tissues were simultaneously determined in runs 
of 30 min. duration. Sodium pyruvate was prepared by 
neutralization of an iced ethanolic solution of redistilled 
pyruvic acid, and was recrystallized twice; «-oxoglutaric 
acid, m.p. 112°, was obtained commercially and was 
neutralized in aqueous solution immediately before use; 
substrate concentration was generally 0-01 M. 

Liver slices. These were prepared from 3- to 8-month-old 
fed CBA mice, an improved chopper (Sproull, 1956) being 
used. The details of the manometric technique were as 
described above, with the exception that the mouse liver 
was transferred directly from the chopper to the flask with- 
out preliminary washing and separation of the slices. 
Glucose (0-011M) was incorporated into the medium. The 
rate of O, uptake of the liver slices was, as usual, referred to 
the dry weight of the tissue after the run. 


RESULTS 
Rat brain 


These experiments were to determine whether or not 
some concentration of sodium salicylate alters the 
metabolic rate of the tissue slices under certain 
experimental conditions. For a given concentration 
of sodium salicylate and a given substrate the 
hypothesis that the mean difference between the 
values of Qo, for the control and treated tissue 
(AQo,) was zero (H,) was tested sequentially against 
the alternative hypothesis that it differed from zero 
(H,), with the sequential test of Student’s hypothesis 
proposed by Wald (1947) and the tables of Arnold 
(1951). In each case, where the mean AQ), was pu 
and the variance o”, it was decided whether | 1 | < 2c 
(i.e. Hy) or whether | p |>2o (ie. H,). The maxi- 
mum probability assigned to a decision in favour of 
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either hypothesis when, in fact, the other was true 
was 0-05. If H, was accepted, the 95 % confidence 
limits of the mean AQo, were determined ; provided 
zero was not included within the limits the sign of 
the mean AQ,, was thus formally established. 

With mm-sodium salicylate, and glucose or 
pyruvate as substrate, a marked increase in oxygen 
consumption was found; this concentration of 
salicylate stimulates the metabolic rate of mouse- 
liver slices (Sproull, 1954b). On the other hand, 
when succinate or «-oxoglutarate was the substrate, 
mm-salicylate decreased the Q,, of the brain slices; 
there was no evidence of metabolic stimulation at 
lower concentrations of the drug, chosen in geo- 
metric progression. These results are summarized in 
Table 1. It was concluded that, if the form of the 
concentration—response curves is the same as 
previously found for mouse liver, salicylate has no 
appreciable stimulant action on the oxygen uptake 
of rat-brain slices when succinate or «-oxoglutarate 
is the substrate. 

The possibility must be considered that the 
effect of mm-salicylate, when glucose was the sub- 
strate, may be the resultant of a substantial stimu- 


lation and a moderate depression. The mean AQ,, 
of rat-brain slices in glucose—Ringer with ms. 
salicylate was found to be + 1-84; at 1-59 mM it was 
+ 2-35, and at 6-31 x 10-4m + 1-16. These figures are 
each the mean of eight observations, and approxi- 
mate to those previously found for mouse-liver 
slices (Sproull, 19546). An analysis of variance of 
these results is presented in Table 2; there was no 
significant departure from linear regression of 
AQ,, on log concentration, and therefore, since the 
regression coefficient is positive, unless the form of 
the concentration—response curve differs from that 
of mouse-liver slices, which as salicylate concen- 
tration increased showed increasing stimulation 
followed by depression (Sproull, 19546), the effect 
of mm-sodium salicylate is solely stimulation, and 
not the resultant of a stimulation and a depression 
of metabolic rate. 


Mouse liver 
The present study was confined to the stimulation 
of oxygen consumption; only the first parts of the 
concentration—response relationships of salicylate 
and DNP on mouse-liver slices were investigated. 


Table 1. Effect of sodium salicylate on the rate of oxygen consumption of rat-brain slices 
in the presence of various substrates 


AQo, =Qo, (control tissue) — Qo, (treated tissue). The last column shows the conclusion drawn from the sequential test. 
(H, is the hypothesis that the mean AQo, is zero, H, that it differs from zero.) The probability of accepting the wrong 


hypothesis is 0-05. 


No. of runs +95% 
Sodium salicylate required for confidence 
concn. termination Mean control Mean limits of Hypothesis 
Substrate (mM) of test Qo, AQo, mean AQo, accepted 

Glucose (0-011™) 10-3 6 -10-0 +1-8 +0-53 H, 

Sodium pyruvate 10-3 6 —10-5 +1-6 +0-62 H, 
(0-01 m) 

Sodium succinate 10-3 7 -—10-3 -1l-1 +0-66 A, 

(0-01 m) 6-31 x 10-4 9 ~10-2 -0-5 =e H, 

3-98 x 10-4 5 - 99 +0-15 -- Hy 

2-51 x 10-4 4 - 10-0 +01 — Hy 

Sodium a-oxo- 10-3 10 -—8-0 -—0-7 +0-30 HA, 

glutarate (0-01m) 6-31 x 10-4 8 -7-8 —0-4 — Hy 

3-98 x 10-4 6 -7-7 +01 _ Hy 

2-51 x 10-4 5 4-7 ~0-05 — H, 


Table 2. Analysis of variance of AQo, of rat-brain slices in glucose—Ringer 
at three concentrations of sodium salicylate 


AQo, =Qo, (control tissue) — Qo, (treated tissue). Sodium salicylate concentrations (with mean AQo, values in paren- 


theses): 6-31 x 10-*m ( + 1-16); mm (+1-84); 1-59 mm ( +2-35). 


Source of variance 
Variance between concentrations: 


Due to linear regression of AQo, 
on log concen. 


Deviation from regression 


Variance within concentrations 
Total 


Sum of Degrees of Mean 
squares freedom squares 
5-70 1 5-70 
0-04 1 0-04 
9-91 21 0-47 

15-65 23 _— 





AO... 


ti 
in 
th 


Oe 





Vol. 66 


The maximum concentrations chosen were there- 
fore sodium salicylate 2mm and DNP 5x 10m; 
the lowest concentrations, arbitrarily selected, 
were 3°5 x 10-4 and 8-8 x 10-®o respectively. 
Previous results (Sproull, 19546) did not show 
a significant difference between the sexes in the 
response of mouse-liver slices to salicylate, but the 
results were not decisive. The substantial current 


improvement in technique, due mainly to the use of 
a reliable tissue chopper, improved the prospects of 


investigating this issue. Accordingly the sexes 
were considered separately. For the males four, 
and for the females two, intermediate concentra- 
tions were chosen, to give in each instance a succes- 
sion of concentrations in geometric progression. 

The results are shown in Fig. 1 and Tables 3 and 4. 
Before proceeding to the analyses of variance the 
homoscedasticity of the four sets of data was 
confirmed by Bartlett’s test; in each instance 
0-50>P>0-10. In each case a linear relation, from 
which there was no significant departure, was 
established between AQ,, and logarithm of drug 
concentration. The regression coefficients of AQ, 
on In (concentration) were: salicylate, + 1-53 (male), 
+0-95 (female); DNP, +2-39 (male), + 1-46 
(female). The significance of the differences between 
these regression coefficients was determined by the 
t test; the difference between the male salicylate and 
male DNP regression coefficients is highly signifi- 
cant, P<0-001; the corresponding value for the 
females is 0-05 > P> 0-02. With each drug a signifi- 
cant sex difference in regression coefficients was 
established: for DNP, P<0-001; for salicylate 
0-01>P>0-001. 

The preceding data permit a quantitative study 
of the combined action of salicylate and DNP on 


Sodium salicylate concn. (mM) 
0:3 0-5 4 2 0-3 05 1 2 


(b) 














ag 








10° = DNP concn. (M) 


Fig. 1. Relation between concentration of sodium salicyl- 
ate or 2:4-dinitrophenol, and increase in oxygen consump- 
tion, by (a) male and (6) female mouse-liver slices at 37° 
in glucose-Ringer phosphate, pH 7-4. Points represent 
the mean differences found, and the lines are drawn in 
accordance with the regression equations: +, DNP; 
O, sodium salicylate. 
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mouse-liver slices. This was undertaken as described 
by Gaddum (1948). The effect of a mixture of half 
each of equally effective concentrations of DNP 
and salicylate was compared with the equal actions 
of the individual drugs. Table 5 summarizes the 
results of these experiments. In both males and 
females the hypothesis that the efficacy of the 
mixture was equal to that of the individual drugs 
was rejected. Potentiation was found. This finding 
is not consistent with the possibility that salicylate 
and DNP have identical actions as metabolic 
stimulants. Furthermore, it also rules out the 
possibility of independent actions, since in each 
case the sum of the expected responses of the half 
concentrations is less than the critical AQo, value 
(Fig. 1), i.e. + 2-5 for the male series and + 1-5 for 
the female series. 


DISCUSSION 


The first part of the present investigation repre- 
sents an empirical comparison; full interpretation 
of the results is not possible at present. These 
results correspond with those obtained by Peiss & 
Field (1952) with DNP. The effective concentrations 
of salicylate were of the same order as previously 
found for mouse-liver slices (Sproull, 19546), and 
the sensitivity of rat-brain slices to salicylate in 
Krebs-Ringer phosphate was much the same as 
that of mouse liver under the same experimental 
conditions, in contrast with the relative insensi- 
tivity of rat-brain mitochondria found by Brody 
(1956). 

The conclusion that salicylate has no stimulant 
action when succinate or «-oxoglutarate was the 
substrate is governed by the arbitrary conditions 
laid down beforehand: the critical stimulant action 
chosen was one where mean AQ), > 20 over a range 
of concentration C, to C,, such that C,/C,>%/10. 
Smaller effects, or those over a lesser range of con- 
centration, were disregarded as being trivial. Two 
further restrictions are, of course, the possibilities 
of an error of the second kind, or of a stimulant 
action having a threshold concentration equal to 
or greater than that of the depression of oxygen 
uptake. 

The results obtained from the experiments on 
mouse-liver slices are more decisive. It has been 
established that there is no significant departure 
from linearity by any of the four log concentration 
response curves. This is of interest, but it should be 
borne in mind that the data refer in each case to 
an unspecified part of the whole concentration 
response curve. In contrast with the present 
findings, Alexander & Johnson (1956) found that 
a simple linear relation between serum concentra- 
tion of salicylate and metabolic rate under basal 
conditions adequately accounted for their results 
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from human subjects. With mouse liver, for each 
sex the gradients of the concentration—response 
curves of salicylate and DNP are significantly 
different. This is regarded as suggesting difference in 
the primary actions of salicylate and DNP as 
metabolic stimulants in vitro. Taking the magnitude 
of the regression coefficients as a criterion, it is 
concluded that DNP is a more effective stimulant 
in vitro than salicylate. 





Can the difference between the two drugs be 
expressed as a constant, regardless of sex? This 
question is posed rather than answered by the 
present results, but it is noted that the ratios of 
gradients of the log concentration—response curves 
are almost equal for both sexes; the gradients of the 
male curves are: DNP +2:39, salicylate + 1-46 
(ratio 1-64); for the females the corresponding 
figures are + 1-53, + 0-95 and the ratio is 1-61. This 


Table 3. Effect of sodium salicylate and 2:4-dinitrophenol on the rate of oxygen consumption 
of male and female mouse-liver slices 


AQo, = Qo, (control) — Qo, (treated tissue). 


Sodium salicylate 


DNP concen. Mean AQo, +95 % concen. Mean AQo, + 95% 
Sex (mM) fiducial limits (mM) fiducial limits 
Male 8-8 x10-* +032 +0-35 3-54 x 10-4 + 0-66 +0-35 
1-25 x 10-5 +1-21+0-66 5 6 xlo- +1-16+0-53 
1-77 x 10-5 +2-08+0-59 7:07 x 10-4 +1-70+0-26 
2-5 x10-5 +2-91+0-55 1 xio-* + 2-28+0-38 
3°54 x 10-5 +3-59+0-41 1-41 x 10-3 +2-73+0-46 
5 xldo* +4-53+0-56 2. xi +3-30+0-40 
Female 8-8 x 10-6 +0-24+0-39 3-50 x 10-4 +0-48+0-29 
1-57 x 10-5 +0-90 +0-38 6-26 x 10-4 +0-96 +0-36 
2-8 x 10-5 +2-03+0-48 1-12 x 10-3 +1-47+0-40 
5 xio-- + 2-68 +0-59 2 «10 


2-15+0-49 


with the analyses of variance 


Table 4. Regression equations of the results summarized in Table 3 and shown in Fig. 1, 


Y=AQo, = Qo, (control) - Qo, (treated tissue). X =In [drug concentration (Mm) x 10°]. 


Analysis of variance 


Source of variance 


(a) Males: DNP. Regression equation Y =2-39X - 4-84 


Between concentrations 


Due to regression 
Deviation from regression 


Within concentrations 
Total 


Sum of Degrees of Mean 
squares freedom squares 
192-66 1 192-66 
0-29 4 0-07 
89-83 90 1-00 
282-78 95 — 


(b) Males: sodium salicylate. Regression equation Y =1-53X — 8-31 


Between concentrations 
Due to regression 
Deviation from regression 

Within concentrations 

Total 


(c) Females: DNP. Regression equation Y =1-46X - 2-97 


Between concentrations 


Due to regression 
Deviation from regression 


Within concentrations 
Total 


78-11 1 78-11 
0-04 4 0-01 
52-86 90 0-59 
131-01 95 — 
71-18 1 71-18 
0-95 2 0-48 
78-62 76 1-03 
150-75 79 _ 


(d) Females: sodium salicylate. Regression equation Y =0-95X - 5-13 


Between concentrations 


Due to regression 
Deviation from regression 


Within concentrations 
Total 


30-49 1 30-49 
0-23 2 0-12 

53-45 76 0-70 

84-17 79 —_ 
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Table 5. Combined action of salicylate and 2:4-dinitrophenol 


Results of the sequential tests of the hypotheses: that with male mouse-liver slices the mean Qo, in 1-19 m-salicylate 
(S), in 2-16 x 10-5m-DNP (D) and in a mixture of 0-60 mm-salicylate and 1-08 x 10-5m-DNP (SD) were equal; the corre- 
sponding concentrations for the female were 1-07 mm-salicylate, 2-14 x 10->m-DNP and 0-53 mm-salicylate plus 1-07 x 10-5 


m-DNP. Formally, where each mean difference in Qo, was » and its variance o* the hypothesis Hy: | » 


| <0-7o was tested 


against H,: | 4 | 20-70; the probability of accepting the wrong hypothesis was 0-05. 


Difference No. of Mean 
Sex tested trials Inference difference 

Male 8-D 13 Accept Hy — 0-02 
SD-S 21 Accept H, + 0-54 

SD-D 16 Accept H, + 0-56 

Female S-D 15 Accept Hy -O-11 
SD-S 13 Accept H, +0-92 

SD-D 14 Accept H, +0°81 


feature of the results suggests that although sali- 
cylate and DNP may have different primary 
actions, there is a definite relation between these 
actions, i.e. that the concentration—response curves 
of the two compounds are not independent. 

The livers of male mice were more responsive to 
both drugs than those of females. It seems unlikely 
that possible variations in the metabolic rate of the 
female control liver slices with the oestrous cycle can 
account for the sex differences, for the control Qo, 
values were almost identical: the means for the 
males were — 13-53, for the females — 13-65, and the 
standard errors of these means were +0-13 and 
+0-15 respectively; these figures are derived from 
observations on 96 males and 80 females. 

The sex differences in the response of liver slices 
to salicylate and DNP permit a dual comparison of 
the two drugs, the sexes being regarded as different 
preparations; furihermore, it sheds some light on 
the sex difference shown by mice in the hyper- 
glycaemia due to single doses of salicylate (Sproull, 
1954a). It had been found that although a single 
dose of salicylate was a powerful glycogenolytic 
agent in both sexes, significant hyperglycaemia was 
demonstrable only in the females; the present 
results suggest that metabolic stimulation and 
glycogenolysis by salicylate are not products of the 
same primary action. Smith, Emmens & Parkes 
(1947), investigating thyroid-like activity by the 
closed-vessel technique, found a sex difference 
in the response of albino mice to iodinated 
casein; in this case also the males were more 
sensitive than the females, but in contrast with the 
present results the slopes of the log dose-response 
curves were much the same, and the difference was 
of intercept. 

The data on the combined action of salicylate and 
DNP eliminate the possibility of identical actions, 
and are also inconsistent with independence of 
primary actions. The occurrence of potentiation 
suggests a complex relation between the metabolic 
stimulant actions of salicylate and DNP; further- 


more, especially in relation to the relatively high 
effective concentrations of salicylate, potentiation 
implies that the theory of a simple drug—receptor 
combination (Clark, 1937) may be inapplicable to 
at least one of the two drugs. 


SUMMARY 


1. The rate of oxygen consumption of rat-brain 
slices in Krebs—Ringer phosphate was increased by 
mm-sodium salicylate when glucose or pyruvate was 
the substrate, but was decreased by this concentra- 
tion of salicylate with «-oxoglutarate or succinate as 
substrate. No appreciable effect was found at 
6-31 x 10-4m-, 3-98 x 10-4m- or 2-51 x 10-4M-sodium 
salicylate when «-oxoglutarate or succinate was the 
substrate. 

2. In glucose—Ringer a linear relation was 
established between the effect on oxygen con- 
sumption and the log concentration of drug over the 
range 6-31 x 10-41-59 mm-sodium salicylate. 

3. The concentration—response curves of sodium 
salicylate and 2:4-dinitrophenol on the rate of 
oxygen consumption of mouse-liver slices were 
determined simultaneously over the concentration 
ranges 3-5x10-4-2mm and 8-8 x 10-*-5 x 105m 
respectively. 

4. Linear relations between increase in Qo, and 
the logarithm of the drug concentration were found 
for both salicylate and 2:4-dinitrophenol. 

5. With both drugs the gradient of the log con- 
centration—response curve for males was signifi- 
cantly greater than that for females. 

6. In each sex the gradient of the 2:4-dinitro- 
phenol curve was significantly greater than that for 
salicylate. 

7. The combined action of salicylate and 2:4- 
dinitrophenol on mouse-liver slices was studied, and 
potentiation was found. 

8. It was concluded that the actions of salicylate 
and 2:4-dinitrophenol as metabolic stimulants in 
vitro are neither identical nor independent. 
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Studies on Sulphatases 
18. PREPARATION OF CHONDROITINASE-FREE CHONDROSULPHATASE 


FROM EXTRACTS OF PROTEUS 


VULGARIS* 
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Department of Biochemistry, University of Wales, Newport Road, Cardiff 


(Received 14 January 1957) 


Dodgson, Lloyd & Spencer (1957a) have shown a 


strain of Proteus vulgaris (National Collection of 


Type Cultures, no. 4636) to be a particularly potent 
source of the enzyme chondrosulphatase. The 
enzyme was associated with a mucopolysaccharase 
(chondroitinase) system which was able to degrade 
the polysaccharide chain of chondroitin sulphate 
with release of reducing substances. The method 
used to extract chondrosulphatase from the acetone- 
dried cells of Proteus also liberated chondroitinase 
into solution, and the association of the two enzymes 
persisted during the subsequent purification pro- 
cedures. The presence of both chondrosulphatase 
and chondroitinase has been noted in other bacteria 
by several workers, including Buehler, Katzman & 
Doisy (1951), Reggianini (1950a, b) and Konetza, 
Pelezar & Burnett (1954), and in the marine molluse 
Charonia lampas (Triton nodiferus), by Soda & 
Egami (1938). 

The extent to which the activities of the two 
enzyme systems are interdependent (i.e. whether 
chondroitinase action is dependent on preliminary 
chondrosulphatase attack, or vice versa) is not 
clear, although Konetza et al. (1954), working with 
viable cells of P. vulgaris, obtained evidence which 
suggested that chondroitinase action preceded that 
of chondrosulphatase. With the mollusc enzymes, 


chondroitinase action can proceed independently of 


the associated sulphatase (Soda & Egami, 1938). 
The present communication describes a method by 
which the chondrosulphatase of P. vulgaris can be 


* Part 17: Dodgson, Rose, Spencer & Thomas (1957). 


separated from the associated chondroitinase. 
A preliminary account of the work has already been 
given (Dodgson & Lloyd, 1957). 


MATERIALS AND METHODS 


Potassium chondroitin sulphate. The method of Einbinder 
& Schubert (1950) was modified as described by Dodgson 
et al. (1957 a). 

Testicular hyaluronidase. Both commercial (L. Light and 
Co., Ltd.) and laboratory (Dorfman, 1955) preparations of 
the enzyme were used. 

Degraded chondroitin sulphate. Potassium chondroitin 
sulphate (50 ml. of a 0-225% solution in 0-2m-sodium 
acetate, adjusted to pH 5-5 with acetic acid) was incubated 
with testicular hyaluronidase at 37-5°, toluene being added 
as a preservative. A total of 150 mg. of hyaluronidase, 
added in three 50 mg. portions over a period of 48 hr., was 
necessary before exhaustion of the release of reducing sub- 
stance was achieved. At the end of the incubation period 
the pH of the mixture was re-adjusted to 7 with n-NaOH 
and the preparation was kept in the frozen state until 
required. 

Calcium phosphate gel. This was prepared by the method of 
Keilin & Hartree (1938); the final volume of the suspension 
was adjusted with water to give a concentration of 8 mg. of 
calcium phosphate (dry wt.)/ml. 

Assay of chondrosulphatase and chondroitinase activity. 
The methods used were described by Dodgson et al. (19574). 

Determination of nucleic acid and protein. The nucleic acid 
content of the enzyme preparation at various stages during 
the purification procedure was determined from the ratio 
of the spectrophotometric readings at 280 and 260 mp 
(Warburg & Christian, 1941). Protein was determined by 
the method of Lowry, Roseborough, Farr & Randall (1951). 
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A calibration curve was constructed from increasing concen- 
trations of the Proteus stage-C enzyme preparation (see 
Dodgson et al. 1957a), and the spectrophotometric readings 
were made with the Unicam SP. 600 spectrophotometer at 
750 mu. 


EXPERIMENTAL AND RESULTS 


Preliminary concentration of chondrosulphatase 
and chondroitinase 


With 40 g. of the acetone-dried cells of Proteus as 
starting material a preliminary concentration of the 
two enzymes as far as stage B (see Dodgson et al. 
1957 a) was made. The subsequent purification step, 
involving the removal of nucleic acid to give pre- 
paration C (Dodgson et al. 1957a), was modified 
slightly since the original procedure was not com- 
pletely effective when applied to the bulk prepara- 
tion of the enzyme concentrate, and the nucleic 
acid which remained (1—3%) interfered markedly 
with the subsequent separation procedure. Com- 
plete removal of nucleic acid was achieved as 
follows. The procedure was identical with that 
described by Dodgson et al. (1957a) as far as the 
treatment with protamine sulphate. In the modi- 
fied procedure the concentration of the aqueous 
protamine sulphate solution was increased to 2% 
(w/v), the pH being adjusted to 6-7 with n-NaOH. 
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Fig. 1. Ultraviolet-absorption spectra of aqueous solutions 


of the enzyme preparation at various stages during puri- 
fication. Concentrations of the solutions were adjusted to 
give similar optical densities at 320 mp. @, Stage B; 
O, stage C; x, stage C2. 
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The protamine sulphate solution was added until 
the clear supernatant obtained by centrifuging at 
18000 g for 5 min. no longer gave a precipitate on 
adding further protamine sulphate solution. A 
slight excess of protamine sulphate solution (one- 
twentieth of the volume of the enzyme solution 
before the addition of protamine sulphate) was 
added and the whole dialysed for 48 hr. against 
several changes of water (40 vol. in all). Material 
which precipitated during dialysis was removed by 
centrifuging at 4000g and 0° for 20min. The 
supernatant solution was adjusted to pH 8 with 
N-NaOH, kept at 2° for 20 min. and clarified by 
centrifuging at 18000 g and 0° for 15 min. The clear 
solution was freeze-dried and stored at 0°. Material 
prepared in this way (preparation C 2) contained less 
than 1 % of nucleic acid (see Fig. 1). 

Effect of inhibitors on the chondrosulphatase and 
chondroitinase activities of preparation C2. Some 
previous attempts had been made to determine the 
degree of interdependence of the sulphatase and 
chondroitinase systems of Proteus by comparing the 
time-activity curves for the two enzymes (Dodgson 
et al. 1957a). However, as no evidence of inter- 
dependence was obtained from these curves the 
effect on the two enzymes of some common in- 
hibitors was tested. The inhibitor (0-3 ml.), in 
0-2m-sodium acetate—acetic acid solution at pH 7, 
was added to 0-3 ml. of enzyme solution (prepara- 
tion C2, 0-65% solution in 0-2mM-sodium acetate— 
acetic acid, pH 7) and the mixture was incubated for 
20 min. at 37-5°. Potassium chondroitin sulphate 
(0-6 ml. of a 0-225% solution in 0-2M-sodium 
acetate—acetic acid, pH 7, and previously warmed to 
37-5°) was then added and incubation was con- 
tinued for a further 1 hr. before determining the 
liberated sulphate and reducing substance. Suitable 
control determinations were made in which the 
inhibitor was omitted. It can be seen from Table 1 
that phosphate and fluoride were powerful in- 
hibitors of the sulphatase but were without effect on 
chondroitinase. It is clear that chondroitinase 
activity is not dependent on a preliminary hydro- 
lysis of ester sulphate groupings. On the other hand, 
none of the compounds tested selectively inhibited 
chondroitinase activity and this finding is com- 
patible with the possibility that some preliminary 
degradation of the polysaccharide chain is necessary 
before enzymic release of sulphate can occur. When 
the sulphatase-inhibition experiments were re- 


peated with chondrotin sulphate which had 
previously been degraded by testicular hyaluroni- 
dase similar results were obtained, although 


there was an appreciable reduction in the extent 
of the inhibition by MgCl, which could not 
be attributed simply to the presence of extra 
protein (testicular hyaluronidase) in the incubation 
mixture. : 
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Table 1. Effect of inhibitors on the chondrosulphatase and chondroitinase systems of Proteus vulgaris 


Inhibitors were allowed to act as described in the text and the residual enzyme activities were measured against a 
0-225 % solution of potassium chondroitin sulphate in the presence of 0-2M-sodium acetate—acetic acid solution, pH 7. 
Incubation was for 1 hr. at 37-5°. Chondrosulphatase activity was also measured with the same concentration of a solution 
of potassium chondroitin sulphate which had first been exhaustively degraded with testicular hyaluronidase. 


Conen. 

Inhibitor (m) 
NaCl 0-25 
MgCl, 0-10 
0-04 

MnCl, 0-10 
0-04 

CoCl, 0-10 
0-04 

NaCN 0-04 
NaF 0-01 
Na,PO, 0-01 
NaHSO, 0-01 
Na,SO, 0-01 
Hydroxylamine 0-01 
Phenylhydrazine 0-01 


Inhibition (%) 





Chondrosulphatase 
assayed with 
A 





f ‘ 
Polymerized Degraded 


Chondroitinase substrate substrate 

0 0 — 
84 77 36 
31 42 13 
100* 100 100 
100* 100 100 
100* 100 100 
100* 100 100 
0 0 — 

0 87 — 

0 100 — 

0 —t — 

0 —t aa 
0* 83 — 
0* 52 —~ 


* Inhibitors interfered with normal method of estimation and these results were obtained by the viscosity-reduction 


method of Swyer & Emmens (1947). 
} Inhibitors interfered with method of estimation. 


Preparation of chondroitinase-free 
chondrosulphatase 


The close association of chondroitinase and 
chondrosulphatase was apparent when attempts 
were made to separate the two activities. Although 
some degree of purification of both enzymes was 
obtained by ammonium sulphate or acetone 
fractionation, paper electrophoresis, pH precipita- 
tion or pH inactivation, under a wide variety of 
experimental conditions, in no case was it possible 
to separate the two activities. 

Some indication of the way in which the two 
enzymes might be separated was afforded by the 
work of Soda & Egami (1938). These workers noted 
in molluse preparations that both enzymes were 
adsorbed on alumina gel. On eluting with sodium 
phosphate solution only chondroitinase activity 
could be recovered, and it was concluded that the 
sulphatase had been irreversibly inactivated by the 
phosphate ion. It was possible, of course, that the 
sulphatase had remained on the gel but was not 
noted owing to the inability to demonstrate the 
presence of the enzyme in the absence of chon- 
droitinase, but this was not considered by these 
workers. The possibility of selectively adsorbing 
Proteus chondrosulphatase on calcium phosphate 
gel was investigated. 


Adsorption of chondrosulphatase on calcium 
phosphate gel. For enzyme purification it is generally 
recommended that preparations of this gel should 
be allowed to age for varying times before use. 
However, when aged preparations were used to 
separate chondroitinase and chondrosulphatase, 
considerable inhibition of both enzymes occurred. 
The clear supernatant solution obtained by centri- 
fuging aged gel preparations also inhibited both 
enzymes. No inhibition was observed, however, 
when the gel was washed in the following way 
immediately before use. The aged preparation was 
centrifuged at 2500 g and 0° for 10 min. and the 
sedimented material was suspended with a glass 
homogenizer in a volume of water equal to the 
original gel volume. This washing was repeated 
four times, and the final suspension was used im- 
mediately. 

In preliminary separation experiments, portions 
(2-5 ml.) of an aqueous solution of preparation C2 
(0-4%) were mixed with 2-5 ml. portions of gel 
suspension of varying concentrations, both com- 
ponents having previously been adjusted to pH 6-55 
with acetic acid. Each mixture was kept at 2° for 
20 min., and during this period was mixed by 
inversion at intervals of 5 min. The gel was separ- 
ated by centrifuging at 2500 g and 0° for 10 min., 
and the amounts of chondrosulphatase, chondroitin- 
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ase and protein remaining in solution were 
measured. A control determination was made in 
which water was substituted for gel suspension. The 
results (see Fig. 2) showed that 50-60% of the 
sulphatase was adsorbed before adsorption of 
chondroitinase occurred. Strict control of all the 
experimental conditions was necessary in order to 
obtain reproducible results. 

Elution of adsorbed chondrosulphatase. The condi- 
tions necessary for the elution of the sulphatase 
were determined as follows. Portions (2-5 ml.) of an 
aqueous solution of preparation C2 (containing 
4mg./ml.) were each treated with 2-5 ml. of gel 
suspension containing 6-4 mg. of calcium phosphate 
(dry wt.), as described in the previous section. These 
conditions are optimum for selective adsorption of 
chondrosulphatase (Fig. 2). After centrifuging at 
2500 g and 0° for 10 min. the clear supernatant was 
assayed for chondroitinase, chondrosulphatase and 
protein ; each gel deposit was washed by suspending 
it in 5 ml. of ice-cold water with a glass microhomo- 
genizer and was kept for 5 min. before centrifuging 
at 2500g and 0° for 10min. The washing was 
repeated and the final washed deposits were each 
suspended in 5ml. of ice-cold sodium acetate 
solution of varying concentration (0-2, at pH 8) 
and were kept for 1 hr. at 2° with occasional mixing. 
The gel was subsequently removed by centrifuging 
as before and the clear supernatants were assayed 
for protein, sulphatase and chondroitinase. 
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Fig. 2. Adsorption of chondrosulphatase, chondroitinase 
and protein on calcium phosphate gel. The curves are 
plotted to show the amount of each component remaining 
in solution after gel treatment. @, Chondrosulphatase; 
O, chondroitinase; x , protein. 
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At this point in the investigation it became 
obvious that, in the absence of chondroitinase, 
chondrosulphatase was virtually inactive towards 
the polymerized form of chondroitin sulphate, and 
the various eluates, although containing abundant 
protein, exhibited no sulphatase activity towards 
this substrate. However, when chondroitin sulphate 
which had been degraded with testicular hyaluron- 
idase was used as assay substrate, considerable 
sulphatase activity was demonstrated in certain of 
the eluates (Table 2). Table 2 shows that maximum 
elution of sulphatase activity was obtained with 
2m-sodium acetate. All the eluates were devoid of 
chondroitinase activity. 


Large-scale preparation of chondroitinase-free 
chondrosulphatase 


When the procedure described above was applied to the 
large-scale preparation of the sulphatase, about 10-15% of 
the chondroitinase activity was also adsorbed on to the gel 
and it was necessary to modify the elution procedure in 
order to remove this contaminant. The final procedure was 
as follows. An aqueous solution (50 ml.) of preparation C2 
(containing 4 mg./ml.) was treated as described for the small- 
scale procedure with 16 ml. of washed gel (8 mg. dry wt./ml.) 
and 34 ml. of water, all the components having been ad- 
justed to pH 6-55 with acetic acid. The gel-enzyme complex 
was separated by centrifuging as before and washed ( x 4) 
by centrifuging in 100 ml. portions of water and ( x 2) by 
centrifuging in 100 ml. portions of 0-005m-sodium acetate 
which had been adjusted to pH 7-2 with acetic acid. The 
washed gel sediment was suspended in 5 ml. of 2m-sodium 
acetate solution (pH 8) with a glass homogenizer and kept 
for 15 min. at 2° before centrifuging at 2500 g and 0° for 
10 min. The clear supernatant was retained and the sedi- 
mented gel was treated with further 5 ml. portions of 2m- 
sodium acetate in the same way until no further protein 
could be eluted from the gel. The various eluates were 
assayed for chondrosulphatase, with degraded chondroitin 





Table 2. Elution of chondrosulphatase 
from calcium phosphate gel 

Chondrosulphatase was assayed in the presence of 
0-2m-sodium acetate-acetic acid mixture, pH 7, against 
0-225 % solution of potassium chondroitin sulphate which 
had been exhaustively degraded by testicular hyaluronid- 
ase. Incubation was for 1 hr. at 37-5°. The amount of 
sulphatase eluted is expressed as a percentage of the activity 
of preparation C2 towards degraded substrate, before 
adsorption on the gel. 


Conen. of Chondro- 
sodium acetate sulphatase 
soln. used present in 
as eluent the eluates 
(m) (%) 
0 0 
0-5 2 
1-0 21 
1-5 37 
2-0 46 
25 1 46 
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Fig. 3. Elution of chondrosulphatase, chondroitinase and 
protein from calcium phosphate gel. Each curve is 
plotted in terms of the percentage of the component 
present in the first eluate. The volume of each eluate was 
5ml. @, Chondrosulphatase; ©, chondroitinase; 
x, protein. 


sulphate as substrate; for chondroitinase, with polymerized 
Fig. 3 shows the 
distribution of these three components in the eluates. The 
eluates containing sulphatase but no chondroitinase were 
combined, dialysed against several changes of distilled 
water (100 vol. in all) and freeze-dried (preparation D). 

Incubation of preparation D (0-6ml. of a 0-004% 
aqueous solution) at 37-5° with 0-6 ml. of a 0-225 % solution 
of potassium chondroitin sulphate in 0-2 M-sodium acetate— 
acetic acid, pH 7, resulted in the liberation of 5-6 yg. of 
SO,?- ions, irrespective of whether incubation was for 6, 12, 
24 or 48 hr. No chondroitinase activity could be detected 
over similar incubation periods. When degraded chondroitin 
sulphate was used as assay substrate under the same condi- 
tions, about 30 wg. of SO,?- ions were liberated/hr. 


chondroitin sulphate, and for protein. 


DISCUSSION 


The procedure outlined above has consistently 
yielded a preparation of chondrosulphatase which is 
devoid of chondroitinase activity. Although no 
attempt has been made to obtain a chondroitinase 
preparation which is free from chondrosulphatase, 
it seems probable that this could be achieved by a 
suitable modification of the procedure. In any 
case chondroitinase activity can be studied inde- 
pendently of sulphatase activity by taking ad- 
vantage of the ability of phosphate ions to inhibit 
completely the latter enzyme. 

There have been no indications during the present 
work that chondroitinase activity is facilitated in 
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any way by preliminary removal of ester sulphate 
groups. In this the behaviour of the 
enzyme towards chondroitin sulphate is similar to 
that of testicular hyaluronidase but differs from 
that of bacterial hyaluronidase (Meyer, Davidson, 
Linker & Hoffman, 1956). On the other hand, it 
is clear that chondrosulphatase action is greatly 
facilitated by preliminary degradation of the 
polysaccharide chain. Indeed, it seems _ highly 
probable that the enzyme is without action on 
polymerized chondroitin sulphate and that the 
small release of sulphate (5-6yg. of SO,? 


respect 


ions) 
which was observed with the polymerized substrate 
merely reflects the presence of traces of sulphated 
oligosaccharide material in our substrate prepara- 
tions. Support for this view comes from the fact 
that the amount of sulphate liberated from poly- 
merized substrate was constant, irrespective of the 
length of the incubation period. Further support 
from the observation that polymerized 
substrate shows no marked ability to inhibit the 
activity of the sulphatase towards the degraded 
substrate. The implication of these findings is that 
chondroitin sulphate, as such, is not the true 
substrate for the enzyme. Certainly there is a 
strong possibility that the ester sulphate groups of 
the polymerized substrate would be ‘spatially 
unavailable’ to the enzyme, owing to the ability of 


comes 


the substrate molecule to exist in a highly coiled 
form. The factors governing the molecular shape of 
polyelectrolytes such as chondroitin sulphate have 
been discussed at length by Mathews (1953). 
Briefly, in dilute solution such molecules are con- 
sidered to exist as extended spirals. The strongly 
dissociating ester sulphate groups play a consider- 
able part in maintaining the integrity of such 
spirals by virtue of the forces of mutual repulsion 
which exist between adjacent sulphate groups. 
Because of the high negative environment there is 
a tendency for a molecule of this type to attract 
positive ions. These in turn tend to neutralize 
negative groups, such as sulphate, which are holding 
the molecule in an extended condition. 
quently, when the concentration of the poly- 
electrolyte is increased, there is an increased 
tendency for each molecule to collapse and coil. 
Addition of neutral salts to solutions of chondroitin 
sulphate decreases the viscosity of the solutions 
owing to the increased degree of coiling of the 
chondroitin sulphate molecules (see Table 3). 
Under the conditions used for the assay of chondro- 
sulphatase in the present work there can be no 
doubt that the substrate molecules would be present 
in a highly coiled form. It is therefore interesting 
that no increased liberation of sulphate from 
chondroitin sulphate could be obtained by de- 
creasing the concentration of neutral salt in the 


incubation mixture (Table 3). This may mean that, 
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Table 3. 
a 0°225% solution of potassium chondroitin sul- 
phate and on the release of sulphate from the solution 
by chondroitinase-free chondrosulphatase 


Viscosity measurements were made as described by 
Dodgson et al. (1957a). The release of sulphate remained 
constant irrespective of the enzyme concentration and the 
length of the incubation period (6, 12, 24 or 48 hr.). 





Conen. of Reduced Sulphate 
sodium acetate viscosity liberated 
(Mm) (Mxp/C) (ug-) 
0-5 56 
0-2 5-4 
O-1 58 
9-05 53 
0-025 54 
0-0125 55 
at the concentration used for enzyme assay, 


even in water 
solution, exists in a highly coiled condition. Under 
such conditions the spatial availability of the ester 
sulphate groups might be expected to be very low. 


potassium chondroitin sulphate, 


The removal of sulphate groups as a result of sul- 
phatase activity might be presumed to increase the 
degree of coiling of the substrate molecules, since 
adjacent sulphate groups are considered to be 
important in holding the molecule in an extended 
form. This in turn would decrease the availability 
to the enzyme of the remaining ester sulphate 
groups. If these postulates are correct then the 
action of the sulphatase would obviously be 
facilitated greatly by preliminary degradation of 
the highly coiled substrate molecule by chondro- 
itinase. 

The present work re-opens the question of the 
specificity of chondrosulphatase. Dodgson et al. 
(1957a), using crude Proteus concentrates, showed 
the enzyme to be inactive towards the sulphated 
polysaccharides agar, fucoidin, carragheenin, Chon- 
drus ocellatus mucilage and sulphated laminarin. 
However, since chondroitinase activity was not 
followed during these experiments, the findings may 
simply reflect the inability of chondroitinase to 
degrade the polysaccharide moieties of these 
compounds. On the other hand, none of these 
substrates contains the sulphated acetylgalactos- 
amine residues which are present in chondroitin 
sulphate. 

Korn & Payza (1956) have shown that extracts of 
a flavobacterium are able to degrade heparin and 
suggest that a glycosidase and two sulphatases are 
involved. It will now be important to establish 
whether, in this case also, chain fragmentation must 
precede sulphatase action. It would also be inter- 
esting to re-investigate the enzyme glycosulphatase 
in the light of the present work. This enzyme occurs 
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in bacteria, molluses and mammals (Dodgson & 
Spencer, 1957) and is able to hydrolyse glucose 
6-sulphate and other simple sulphated 
hydrates. The natural substrates of the enzyme are 


carbo- 


not known, and it may be wondered whether, in 
nature, it is normally associated with a chondroitin- 
ase type of enzyme, both enzymes col- 
lectively responsible for the degradation of some 
unknown polysaccharide sulphate. The Proteus 
sulphatase is not identical with glycosulphatase 
(Dodgson et al. 1957a) but, in view of the ability of 
the latter enzyme to liberate sulphate from acety|- 
glucosamine sulphate (Soda & Egami, 1938), it may 
be identical with one of the two sulphatases which 
participate in the degradation of heparin (Korn & 
Payza, 1956). 

The present findings may also throw a new light 
on the failure of certain workers to demonstrate 
chondrosulphatase activity in mammals (Neuberg 
& Cahill, 1936; Dohlman & Friedenwald, 1955). 
Unpublished results from this laboratory have 


being 


shown that mammalian tissues, in general, do not 
exhibit sulphatase activity towards polymerized 
chondroitin sulphate. It will now be important to 
repeat this work with degraded chondroitin sulphate 
as substrate, particularly since recent investigations 
(Dr C. H. Dohlman, personal communication; 
Dziewiatkowski, 1956) have shown that slight hydro- 
lysis of chondroitin sulphate can occur in the tissues 
of the intact rat. 


SUMMARY 


1. The chondrosulphatase of Proteus vulgaris 
N.C.T.C. no. 4636 has been separated from the 
associated chondroitinase by selective adsorption of 
the former on calcium phosphate gel under strictly 
controlled experimental conditions. 

2. The chondrosulphatase which 
quently be eluted from the gel shows negligible 
activity towards the polymerized form of chondro- 
itin sulphate, but is very active towards chondroitin 
sulphate which has been exhaustively degraded by 
testicular hyaluronidase. 

3. Chondroitinase activity is inno way dependent 
on a preliminary hydrolysis of ester sulphate groups 
by chondrosulphatase, since when preparations 
containing both enzymes are incubated with poly- 
merized chondroitin sulphate in the presence of 
phosphate ions sulphatase activity is completely 
inhibited whereas chondroitinase activity is not 
affected. 


can subse- 
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Further Studies on the Reaction of Disulphides with Silver Nitrate 


By R. CECIL anp J. R. McPHEE* 
Department of Biochemistry, University of Oxford 


(Received 20 December 1956) 


The kinetics of the reaction of silver nitrate with 
cystine and oxidized glutathione (GSSG) was the 
subject of previous studies (Cecil, 1950, 1951). It 
was found that GSSG reacted more rapidly than 
cystine but, since the reaction showed a number of 
complexities, comparisons were only semiquanti- 
tative. An attempt has been made to investigate 
these differences of reactivity by a quantitative 
comparison of eight disulphides under conditions 
where the complexities are reduced to a minimum. 
There is still much that is unexplained but, as this 
work is not being continued, the results obtained 
so far are reported here. 

There has been some disagreement as to the 
stoicheiometry of the reaction of disulphides with 
silver and with other metals. Lavine (1937), 
Challenger & Rawlings (1937) and Cecil (1950) 
found that the reaction stopped at the sulphinic 
acid stage represented by equation (1): 
2R°S°S:R+3Ag* + 2H,04 3R°SAg 

+R°SO,H+3H*. (1) 
However, Vickery & Leavenworth (1930) and 
Preisler & Preisler (1930, 1932) found that some 
sulphonic acid was formed. We have confirmed there 
is a definite end point represented by equation (1), 
but if the reaction is continued for long periods then 
further changes may occur. 

Cecil (1950) assumed, on the basis of earlier work 
(Lavine, 1937; Challenger & Rawlings, 1937), that 

* Present address: C.S.I.R.0., Wool Textile Research 
Laboratories, Australia. 


the initial process is a hydrolysis of the disulphide 
bond to give thiol and sulphenic acid [reaction (2)]. 
The thiol is taken up by the excess of Ag™ ion 
present (4), causing reaction (2) to proceed to the 
right. Simultaneously the unstable sulphenic acid 
dismutes to give sulphinic acid and more thiol (3). 


2R°S:S-R+2H,0s 2R°S:OH+2R°SH, (2) 
2R°S:OHsR:SO,H+R°SH, (3) 
3R°SH + 3Agt +s 3R°SAg+ 3H". (4) 


An alternative hypothesis is that the initial 
reaction is a direct attack by Ag* ion on the di- 
sulphide bond: 


R°S*S*R+Ag*sR:SAg+R°S*, (5) 
followed by reactions (6), (3) and (4) 
R:°St+H,O0OsSR:S:OH+H"*. (6) 


In both cases the over-all reaction is given by 
equation (1). The most direct evidence for reaction 
(2) is the work of Schiller & Otto (1876) and Fromm 
(1908), who boiled diphenyl and di-p-toluyl di- 
sulphides with ethanolic potassium hydroxide. The 
corresponding thiophenols and sulphinic acids were 
obtained, but no sulphenic acids. However, the 
fact that an attack by OH ions occurs under these 
conditions does not necessarily mean that it does so 
under the milder conditions in this work. 

There are several criteria by which the two 
possible reaction mechanisms can be distinguished: 
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(i) The reaction kinetics will be different; this is 
dealt with in the next section. (ii) Equation (2) 
implies that there is an equilibrium concentration of 
thiol. It should therefore be possible by continued 
oxidation to convert all the disulphide into sul- 
phinic acid. (iii) If the function of Ag” ion is solely 
to combine with preformed thiol [reactions (2) and 
(4)], then the reactivities of silver and other metals 
that form highly undissociated mercaptides should 
not differ greatly. A direct attack by the metal ion, 
however [reaction (5)], should result in considerable 
differences of reactivity. 


THEORETICAL 


Any kinetic treatment has to take into account the 
facts: (i) that there are two possible mechanisms for 
the splitting of the disulphide bond; (ii) that there 
are two successive reactions, namely the splitting 
of the disulphide bond and the subsequent dismuta- 
tion of the sulphenic acid, either of which can be the 
limiting progress. 

If the splitting of the disulphide bond is a 
hydrolysis as in equation (2), then the reaction will 
be first-order with respect to disulphide and zero- 
order with respect to Ag* ion. The expression for the 
over-all first-order reaction would then be 


d{R-S-S-R] 


=k[R+S+S:R]. 
dt R 


If, on the other hand, there is a direct attack by 
Ag* ion on disulphide the reaction will be first-order 
with respect to both Ag* ion and disulphide, and the 
expression for the over-all second-order reaction 
will be 

d{[R°S-S-R] 


= yt *S°S- e 
= k{Ag*][R R] 


The experimental results fitted the latter expres- 
sion, which integrates to 


2-303 


ake b(a—2) 
~ t(a—b) ) 


> mt (7) 
where k is expressed in]. mole~! min.-", t is reaction 
time in minutes, a and 6 are the initial molar con- 
centrations of AgNO, and R°S-S-R respectively, 
and x is the molar concentration of Ag* ion that has 
reacted, so that (a—a) and (b— 4a) are the molar 
concentrations of AgNO, and R°S:S°R at time ¢. 
The factor % arises from the stoicheiometry of 
equation (1). 

If the disulphide splitting [reaction (5)] is the 
limiting process, then disulphide concentrations 
calculated from the measured uptake of Ag* ion 
will be correct, and the values of k calculated from 
equation (7) should not vary with time. This 
happens with GSSG but with none of the other 
disulphides. 
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If the dismutation reaction (3) is the limiting 
process there will be an initial rapid reaction which 
slows down as the concentration of intermediate 
builds up, and the value of k calculated from equa- 
tion A will change with time. However, since 
disulphide splitting must precede the dismutation 
reaction (5), this must be the limiting process in the 
early stages of the reaction. In these cases therefore 
the values of k obtained from equation A were 
extrapolated to zero time. 


EXPERIMENTAL 


Kinetic experiments. The reactions were carried out at 37° 
in buffered solution with AgNO, in excess over disulphide. 
The factors governing the choice of pH and buffer are 
discussed in the next section. The concentrations used were: 
disulphides, 0-1-0-38 mm; AgNO,, 0-5-3-0 mm; buffers, 
20 mm. The reactions were stopped at the required time 
intervals by running 1 ml. samples into sufficient dil. HNO, 
to reduce the pH to 1-8-2. Excess of Ag+ ion was then 
estimated by potentiometric titration with KBr (Cecil, 
1950). 

Analytical methods. Cecil (1950) used a back-titration 
procedure for the estimation of thiols; that is, a known 
excess of AgNO, was added and back-titrated with KBr. 
The method depended on the assumption that all the Agt 
ion, except that bound as mercaptide, could be titrated by 
KBr at pH 2. Later work (Cecil & McPhee, 1955a) showed 
that this assumption was incorrect and that in most cases 
the silver mercaptides bind additional Ag* ion sufficiently 
strongly to interfere with KBr titration, resulting in high 
values for the thiol concentration. However, the results 
obtained with back titrations are reproducible so that 
correction factors can be applied. This has been done in 
evaluating the kinetic experiments. 

In order to determine the correction factors, solutions of 
the different disulphides were allowed to react with Na,SO, 
and the thiol formed was estimated both by the silver back- 
titration procedure and by potentiometric titration with 
HgCl, (Cecil, 1955). This latter method is more convenient 
than that of Cecil & McPhee (1955a) and Hg?* ion is less 
liable than Ag+ ion to form complexes with mercaptides. 
The Na,SO,-disulphide reactions were carried out in 
evacuated Thunberg tubes. The reaction conditions for 





Table 1. Back-titration correction factors 


The thiols were produced by reaction of the correspond- 
ing disulphide with Na,SO, and estimated both by the 
back-titration procedure and by potentiometric titration 
with HgCl,. The values derived by back titration have a 
positive error and must be multiplied by the factors. 


Thiol Factor 
GSH 0-90 
B-Mercaptopropionic acid 0-91 
Homocysteine 0-84 
Cysteine 0-85 
N-Formylcysteine 0-85 
N-Formylhomocysteine 0-77 
B-Aminoethanethia] (cysteamine) 0-86 
N-Acetyleysteine ester 0-98 
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GSSG, £f’-dithiodipropionic acid [di-(2-carboxyethyl) 
disulphide] and diformylcystine were as described by Cecil & 
McPhee, 1955a. Of the other disulphides, cystine, homo- 
cystine, {f’-diaminodiethyl disulphide (cystamine) and 
diacetylcystine ester were treated in the same way as GSSG, 
and diformylhomocystine was treated in the same way as 
diformyleystine. When reaction was complete each solution 
was acidified with dil. HNO, to pH 1-8-2 and samples were 
titrated by both methods. The correction factors are given 
in Table 1. 

During the course of this work a comparison was made 
between the results obtained with the HgCl, titration and 
with the AgNO, titration of Cecil & McPhee (1955a), the 
disulphides listed in Table 4 being used. Agreement was 
within +1%, except for GSSG and homocystine where the 
results with AgNO, were 7 and 3% higher respectively than 
with HgCl,. Amperometric titration of cystine and GSSG 
with HgCl, by the method of Stricks, Kolthoff & Tanaka 
(1954) agrees with the potentiometric HgCl, titrations, and 
it is assumed that these are correct. 


Preparation of materials 


BB’-Dithiodiprepionic acid [di-(2-carboxyethyl) disulphide}. 
B-Mercaptopropionic acid (L. Light and Co. Ltd., Colnbrook, 
Bucks) was dissolved in 100 ml. of water and cooled to 0°. 
\ trace of FeSO, was added, followed by 62 ml. of 0-3N- 
H,O, (1 equiv.), also cooled to 0°. The mixture was allowed 
to come to room temperature and left overnight. The 
crystalline precipitate of disulphide was filtered and re- 
crystallized from hot water. Yield 80%, m.p. 155-156 
(uncorr.). This procedure is more satisfactory than the 
oxidation with I, used by Biilmann (1905). 

Other materials. GSSG, diformylceystine, homocystine and 
diacetylcystine ester were the samples used by Cecil & 
McPhee (1955a). Diformylhomocystine and £f’-diamino- 
diethyl disulphide (cystamine) were the samples used by 


McPhee (1956). 
RESULTS 
Oxidation experiments 


Solutions of homocystine and GSSG (about 0-1 mm) 


were buffered to pH 9-2 with Na,B,O, and a trace of 


FeSO, was added. Oxygen was passed through the 
solutions for 4 hr. at 37°. The initial and final con- 
centrations of disulphide were measured by reaction 
with Na,SO,, followed by titration with HgCl, as 
described above. There was no detectable difference. 


Stoicheiometry of the reaction 


The evidence for this is based on the amount of 


silver that has reacted; no attempt was made to 
identify the reaction products in the dilute solutions 
used. If the reaction is continued for 5-20 times the 
normal time then there is a continued slow uptake 
of Ag” ion. This effect is more marked as the AgNO, 
concentration is increased. There was no evidence 
that this process reaches an end point. When the 
AgNO, concentration was high (more than tenfold 
molar excess over disulphide), Ag* ion uptakes of 
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more than 2/molecule of disulphide were observed, 
indicating that a proportion of sulphur—carbon 
bonds had been broken. 


Binding of Ag* ion by disulphides 
An equilibrium of the type 
vAg’'+R°S:S*RSR°S°S°R:- Ag,’ 

could affect the Ag*—disulphide reaction in two 
ways. The amount of Ag* ion bound could be an 
appreciable proportion of the total Ag” ion concen- 
tration and, secondly, if Ag* ion is bound in a 
complex with disulphide it would increase the 
probability, and hence the rate, of reaction. 

Attempts were made to measure the possible 
extent of this equilibrium by adding small amounts 
of AgNO, to solutions of disulphide buffered in 
acetate and measuring the free Ag* ion concentra- 
tion with a silver electrode. It was established that 
the amount of Ag* ion bound was small, but it was 
not possible to decide whether it was bound as a 
complex with intact disulphide or whether it had 
reacted to form mercaptide, even though the Ag 
ion concentration was kept as low as possible. 


Choice of reaction conditions 

Buffers. The choice of buffers is limited to those 
which do not form precipitates with AgNO,, e.g. 
acetate, «-picoline and s-collidine. Table 2 shows 
some measurements made on the Ag™ ion binding 
by these buffers at different pH values. Acetate 
binds relatively little Ag* ion, but both picoline and 
collidine bind more than 90 %, under the conditions 
used. Acetate was therefore chosen as the buffer for 
this work, except for some experiments in urea 
solutions which were buffered with picoline. 

pH. It was desirable to keep the pH above 5:4, 
as the rate of reaction falls off rapidly below this 


Table 2. Binding of Ag* ion by 
some buffer solutions 


The concentration of AgNO, was mM throughout, and 
that of sodium acetate, «-picoline and s-collidine was 
20 mm. The pH was adjusted by the addition of HNO. 
A silver electrode was immersed in the solutions together 
with a liquid junction and reference electrode. The 
measured potentials are expressed as molar concentrations 
of free Agt ion. It is assumed that the activity of a mm 
solution of AgNO, in water is equal to its molar concentra- 


tion. 
Free Ag 
ion concn. 


Buffer pH (uM) 
Water — 1000 
Acetate 58 700 
Acetate 4-6 680 
«-Picoline 7-2 67 
a-Picoline 6-2 100 
s-Collidine 8-6 9 
s-Collidine 77 25 
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value (Cecil, 1950). The upper limit of pH with 
acetate, which retains adequate buffering power, is 
5-8. This pH was therefore used for experiments in 
which the reactivity of different disulphides was 
compared. 


Experiments in acetate buffer at pH 5-8 


GSSG will be considered first since it is the only 
disulphide studied which gives simple kinetics. The 
results are summarized in Table 3. 

Constant values of k were obtained from equation 
(7) when the ratio [AgNO,]:[GSSG] was varied 
between 5-6 and 14-8, indicating that the reaction is 
then second-order. 

There is no significance in the upper limit of the 
ratio [AgNO,]:[GSSG] apart from the experimental 
difficulty of measuring small differences in re- 
latively large concentrations, and the fact that the 
tendency to side reactions increases with increasing 
AgNO, concentrations. When the ratio is reduced to 
2-8 the rate constant falls by a factor of approxi- 
mately 2. This result was entirely unexpected and 
the explanation has yet to be found. All the di- 
sulphides investigated showed the effect, although 
the ratio of AgNO, to disulphide concentration at 
which the change-over occurs varies with different 
compounds, and it is necessary to ensure that the 
excess of AgNO, is sufficient before comparisons are 
made. 

The results with the other disulphides are given in 
Table 4. With all these compounds the rate con- 


Table 3. Reaciion of oxidized glutathione (GSSG) 
with silver nitrate at pH. 5-8 and 37° 


10* x conen. (M) 


os Ratio (1. mole-* 
AgNO, GSSG [AgNO,]:[GSSG] — min.—) 
30-5 2-06 14-8 29 
17-6 1-57 11-2 29 
20-4 2-06 9-9 26 
9-6 1-71 5-6 28 
9-6 3-48 2-8 17 
5-1 1-82 2-8 15 


Mean value (excluding the two results when [AgNO,]: 
[GSSG] =2-8) =28 +2. 


Table 4. Reaction of disulphides with silver nitrate 
at pH 5-8 and 37° 


(1. mole? 


Ratio 
Substance [AgNO,]:[R°S-S°R] —smin.~") 
Dithiodipropionic acid 9-2-16-0 80 
Homocystine 2-7- 4:9 2400 
Cystine 5-3-10-1 9 
Diformylcystine 5-0-10-0 9 
Diformylhomocystine 5:3-10-0 10 
Cystamine 5-1-10-2 3 
Diacetylcystine ester 4-8-10-0 No reaction 
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stants calculated from equation (7) for a single 
experiment decreased with time, suggesting that the 
dismutation reaction (3) is the limiting process. 
However, initial rate constants obtained by extra- 
polation to zero time did not vary over the concen- 
tration ranges indicated, so that the initial reaction 
must be first-order with respect to Ag* ion, and 
second-order over-all, indicating a direct attack of 
Ag* ion on disulphide. A typical extrapolation is 
illustrated in Fig. 1. The fact that extrapolation is 
necessary makes it difficult to estimate the accuracy 
of the rate constants so obtained. Ideally, readings 
should be taken very early in the experiments, but 
it is technically difficult to measure the small up- 
takes of Ag* ion involved with sufficient accuracy. 
It is likely that if the rate constants are in error the 
values should be higher than those quoted. 

The values for the ratio [AgNO,]:[R°S-S-R] are 
given; these were always sufficiently high to ensure 
that the reaction was second-order. It will be seen 
that whereas 2-7 was adequate for homocystine, 
9-2 was required for dithiodipropionic acid. As with 
GSSG the upper limits represent only experimental 
limitations. 


Experiments in the presence of urea 


Cecil (1951) investigated the effect of added urea 
on the reaction of AgNO, with both cystine and 
GSSG. The idea was to test a hypothesis put 
forward earlier (Cecil, 1950) that a possible reason 
for the greater reactivity of GSSG was S-H—N 
bonding between the sulphur and the glutamyl- 
NH,*. If this were so it was argued that the 
presence of a high concentration of urea (6—9M) 
should have the effect of breaking these bonds and 
making the GSSG behave more like cystine. It was 
found that although the initial rate of GSSG was 
not significantly affected by the presence of urea the 
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Fig. 1. Reaction of diformyleystine with AgNO, in acetate 
at pH 5-8. Plot of second-order rate constant k against 
time: O, R*S:S:R=0-198mm; AgNO,=0-980 mm; 
x, R+S+S-R=0-221 mu; AgNO, =2-20 mm. 
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reaction then showed the same complexity as 
cystine. The cystine reaction was not significantly 
affected by high concentrations of urea. 

It was of interest to repeat these experiments 
with homocystine, in view of its high reactivity and 
the fact that interaction between the sulphur and 
the amino group is sterically possible. The homo- 
cystine concentration was 0-17 mm and that of 
AgNO, 0-96 mm. The buffer used was «-picoline. 
Two solutions were run, one containing 6 M-urea and 
the other a control. Urea raises the pK of «-picoline 
and also binds Ag* ion slightly. To compensate for 
these effects HNO, was added to the solution con- 
taining urea to bring the pH to 6-7. The pAg was 
then 5-2. The pH and the pAg of the control solution 
were adjusted to these values by increasing the 
concentration of «-picoline and reducing that of 
HNO,. The reaction is complex in both cases and 
the initial rate constants are as follows: control 
solution 8401. mole-! min.-!; urea solution 5301. 
mole-! min.~!. This difference is probably signifi- 
cant, since the same compound is being compared 
under the two sets of conditions. 


DISCUSSION 

Mechanism of the initial reaction. There is the 
question of whether the initial splitting of the 
disulphide bond is a hydrolysis as in reaction (2) or 
a direct attack by the metal ion as in reaction (5). 
The evidence is as follows: 

(i) The kinetic behaviour shows that the initial 
rate of reaction is proportional to the Ag* ion con- 
centration as well as to that of disulphide. If 
reaction (1) occurred this would not be so. On the 
other hand, the anomalous behaviour at low Ag* ion 
concentrations suggests that the process is complex 
and makes this conclusion uncertain. 

(ii) GSSG and homocystine are not converted 
into sulphinic acid by oxygen. It is possible, how- 
ever, that the aerobic oxidation of thiols might be 
extremely slow at very low concentrations, and so 
this is not conclusive evidence that there is no 
hydrolysis. 

(iii) The disulphide-silver nitrate reaction virtu- 
ally stops in acid solution, yet Lavine (1937) 
found that cystine in sulphuric acid solution reacted 
rapidly with mercuric sulphate. Likewise diacetyl- 
cystine ester does not react with silver nitrate but 
reacts with phenylmercury hydroxide (Cecil, in 
preparation). 

If the initial step is a hydrolysis then one would 
not expect such a marked difference between 
different reagents, but if the metal ion is the active 
agent such a difference is reasonable. The evidence 
thus favours the idea of a direct attack by Ag* ion 
on disulphide under the conditions used in this work. 
As mentioned earlier, however, Schiller & Otto 
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(1876) and Fromm (1908) have shown that hydro. 
lysis can occur in alkaline solution. 

Reactivities of different disulphides. The reactivity 
of the different disulphides may now be considered. 
Cystine has a net charge of approximately zero at 
pH 5-8, whereas cystamine has an over-all positive 
charge and dithiodipropionic acid an over-all 
negative charge. Since the reaction is with a 
positive ion, one would expect cystamine (k= 3) to 
react more slowly than cystine (k= 9) and dithiodi- 
propionic acid more rapidly (k= 80), as is the case. 
An analogous, but opposite, case is the reaction of 
the same compounds with SO,?-, where the re- 
spective second-order rate constants are cystamine 
6700 (McPhee, 1956), cystine 1100, and ‘dithiodi- 
propionic 1-11. mole~+min.-! at 25° (Cecil & 
McPhee, 19556). 

The behaviour of diformyleystine (k=9) and 
diformylhomocystine (k= 10) cannot be explained 
on these grounds. The dissociation constants are 
likely to be similar to those of dithiodipropionic 
acid and, if charge effects were the main factor, one 
would expect the rate constants to be of the same 
order. As yet there is no explanation for this. 

The complete failure of diacetyleystine ester to 
react is also unexplained. It reacts readily with 
SO,?-, though more slowly than the zwitterion form 
of cystine, the rate constants at 25° being 265 and 
11001. mole! min.-1 respectively. One might 
expect a non-polar molecule to react less readily 
than a polar one, but the absence of any reaction is 
surprising. 

The behaviour of homocystine is of particular 
interest because of its very high reactivity. Experi- 
ments with Fisher—Hirschfelder-Taylor models 
show that, as with GSSG, interaction between the 
sulphur and amino groups is sterically possible. 
One explanation for the reactivity is therefore that 
the amino groups are bonded by hydrogen to the 
sulphur as suggested by Cecil (1950) for GSSG. The 
Ag™ ion will tend to form an ammine and so be 
held in proximity to the sulphur. If this were so 
then one would expect that, if urea were present 
in sufficient concentration to break hydrogen bonds 
by competitive action, the reactivity would be 
reduced. The rate constant in 6M-urea is 530 as 
compared with 840 1. mole-! min.~! for the control. 
When the amino group is blocked by substitution 
the effect is much greater. The value of k for 
homocystine in acetate at pH 5-8 is 2400, whereas 
that for diformylhomocystine is 10 1. mole~? min.-1. 
By contrast the rate constants for cystine and 
diformyleystine are both 9. 

The evidence for S-H—N bonding was discussed 
by Cecil (1950). Since then Plant, Tarbell & White- 
man (1955) have examined the infrared spectra 
of compounds of the type R,N:[CH,],°SH and 
found no evidence of hydrogen bonding, though the 
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evidence here suggests that it is likely to occur only 
when the amino group is unsubstituted. In view of 
the complexity of the reaction the idea of hydrogen 
bonding cannot be regarded as more than a working 
hypothesis, and the possibility of other forms of 
interaction must be considered. 

The reactivity of GSSG could be explained by 
the fact that it has an over-all negative charge at 
pH 5:8, but the behaviour of diformyleystine and 
diformylhomocystine renders this argument un- 
certain. The other alternative is a mechanism similar 
to that suggested for homocystine. The effect of 
urea is somewhat ambiguous, in that it makes the 
reaction complex without affecting the initial rate. 
This is most likely to mean that the dismutation 
reaction (3) is being affected rather than the di- 
sulphide splitting. 

Wright (1956) has investigated the X-ray 
structure of crystalline reduced glutathione (GSH) 
and has found no evidence for interaction between 
the amino and thiol groups in the solid state. On 
the other hand, Saunders (1933, 1934) has shown 
that there is chemical evidence for some interaction 
in solution. Following an earlier observation 
(Hopkins, 1929) that GSH does not give a crystalline 
derivative with naphthalenesulphonyl] chloride, he 
showed the reaction to be 


2GSH + C,,H,*SO,Cl + 2NaOH s GSSG 
+C,,H,*SO,Na+ NaCl+2H,O 


GSSG + 2C,,H,*SO,Cl+ 4NaOH + GSO,SG 
+ 2C\9H,*SO,Na + 2NaCl + 2H,O 


and that GSSG also fails to give a derivative. 
Cysteine, too, is oxidized to cystine but this gives 
the usual N N’-dinaphthalenesulphonyl derivative. 
However, if GSH is treated with chlorodinitro- 
benzene to give the S-dinitrophenyl compound, this 
reacts normally to give an N-naphthalenesulphonyl 
derivative. 

The available evidence is thus conflicting and 
more will be needed to resolve this point. 


SUMMARY 


1. The kinetics of the reaction of silver nitrate 
with eight disulphides have been studied. 
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2. It has been found that, under given conditions, 
the reaction is first-order in respect of each reactant. 
Under these conditions the reactivity of the different 
disulphides may be compared. 

3. Possible reasons for the observed differences 
in reactivity are discussed. It is suggested that the 
high reactivity of homocystine, and possibly of 
oxidized glutathione, is due to interaction between 
the amino groups and the sulphur atoms. Evidence 
for this is discussed. 

4. The conditions for estimating the eight 
disulphides are given, a potentiometric titration 
with mercuric chloride being used. The results are 
compared with those obtained by other methods. 
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